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Abstract 
 
The fact that the presence of Co extends the stability range of B2 CuZr to room 
temperature, together with the significant effect of Al on improving the glass forming 
ability of the CuZr system was the motivation to investigate the ternary and quaternary 
CuZr alloys with the aim of synthesizing BMG composites containing B2 (Cu,Co)Zr 
crystals. This PhD thesis deals with preparation and characterization of Cu50-xCoxZr50 (0 
≤ x ≤ 20) and Cu50-xCoxZr45Al5      (x = 2, 5, 10 and 20) alloys. The phase formation, 
thermal stability, microstructure, martensitic transformation and mechanical properties 
of these alloys were investigated.  
The dependence of phase formation on solidification rate and the thermodynamically 
stability of Cu-Co-Zr alloys reveals that the addition of Co decreases the glass forming 
ability (GFA) of the Cu-Co-Zr alloys and changes the stable crystalline products of the 
system from Cu10Zr7 + CuZr2 to (Cu,Co)Zr phase with a B2 structure. The results indicate 
that for the melt-spun ribbons with at least 5 % Co, the glass crystallizes directly into B2 
(Cu,Co)Zr, while in the case of bulk specimens, compositions with 0 ≤ x < 5 of Co contain 
the monoclinic (Cu,Co)Zr phase and Cu10Zr7 and CuZr2, whereas, for x ≥ 10, the B2 
(Cu,Co)Zr phase is the equilibrium phase at room temperature. Furthermore, increasing 
the cobalt content decreases the martensitic transformation temperatures to lower 
temperatures. The phase formation in the ternary system is summarized in a pseudo-
binary (Cu,Co)Zr phase diagram, that helps for designing new shape memory alloys, as 
well as bulk metallic glass composites with the addition of glass former elements.  
In the quaternary alloys, Al increases the glass transition and crystallization 
temperatures and hence improves the GFA of the system. The X-ray analysis illustrates 
that for the melt-spun ribbons, the crystallization products vary from Cu10Zr7 + CuZr2 + 
AlCu2Zr to (Cu,Co)Zr + AlCu2Zr when Co ≤ 5 and Co ≥ 10, respectively. Depending on the 
cooling rates, the bulk samples represent a fully amorphous structure or BMG 
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composites or a fully crystalline structure. For Co ≤ 5, beside (Cu,Co)Zr and AlCu2Zr, 
Cu10Zr7 exists as well.  
Scanning (SEM) and transmission (TEM) electron microscopy investigations were done 
to investigate the effect of Al and Co addition to the microstructure of CuZr alloys. In the 
case of Cu-Co-Zr-Al alloys, Cu30Co20Zr45Al5 (ɸ = 4 mm) and Cu45Co5Zr45Al5 (ɸ = 2 mm) 
compositions were selected for the microstructure verification using TEM. Later, the 
heterogeneity of the microstructure in Cu40Co10Zr45Al5 (ɸ = 2 mm) alloy was considered.  
The effect of Co on the mechanical properties of rapidly solidified Cu50-xCoxZr50                          
(x = 2, 5, 10 and 20 at.%) alloys depict that the deformation behavior of the rods under 
compressive loading strongly depends on the microstructure, and as a results, on the 
alloy composition. Cobalt affects the fracture strength of the as-cast samples; and 
deformation is accompanied with two yield stresses for high Co-content alloys, which 
undergo deformation-induced martensitic transformation. Instead samples with a 
martensitic structure show a work-hardening behavior. For quaternary alloys, the 
effects of cooling rate and chemical composition on mechanical properties of the alloys 
were investigated. Cu48Co2Zr45Al5 ( = 1.5, 2, 3 and 4 mm) and Cu45Co5Zr45Al5 (ɸ = 3 
mm) compositions were selected to discuss the effect of cooling rate and heterogeneity, 
respectively. The results depict that the mechanical properties of Cu50-xCoxZr45Al5 alloys 
strongly depend on the microstructure and the volume fraction of the amorphous and 
crystalline phases.  
The deformation-induced martensitic transformation of Cu40Co10Zr50 and 
Cu40Co10Zr45Al5 as-cast rods, was studied by means of high-energy X-rays. The in situ 
compression measurements were performed in track control and load control modes. 
The macroscopic and microscopic stress-strain behavior, as well as the phase 
transformation kinetics were considered. The relative changes in the fully integrated 
intensity of the selected B2 and martensite peaks, which indicate the changes in volume 
fraction of the corresponding phases under deformation, was described as phase 
transformation volume, M/M+B2. 
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Kurzfassung 
 
Die Motivation zur Untersuchung ternärer und quaternären CuZr-Legierungen bestand 
in der Annahme, dass die Zugabe von Kobalt den Stabilitätsbereich von B2 CuZr bis zur 
Raumtemperatur erweitert und Aluminium einen signifikanten Effekt auf die 
Glasbildungsfähigkeit des CuZr-Systems hat. Die vorliegende Dissertation befasst sich 
mit der Herstellung und Charakterisierung von Cu50-xCoxZr50 (0 ≤ x ≤ 20) und Cu50-
xCoxZr45Al5- (x = 2, 5, 10 und 20) Legierungen. Hierbei wurden die Phasenbildung, die 
thermische Stabilität, die Mikrostruktur, die Martensitbildung und die mechanischen 
Eigenschaften der Legierungen untersucht. 
Die Abhängigkeit der Phasenbildung von der Erstarrungsrate und der 
thermodynamischen Stabilität von Cu-Co-Zr-Legierungen zeigte, dass die Zugabe von 
Kobalt die Glasbildungsfähigkeit von Cu-Co-Zr-Legierungen absenkt und die stabilen 
kristallinen Produkte des Systems von Cu10Zr7 + CuZr2 zu (Cu,Co)Zr Phase mit einer B2 
Struktur verändert. Die Ergebnisse weisen darauf hin, dass bei den schmelzgesponnene 
Bänder mit wenigstens 5 Atom-% Co das Glas direkt in B2 (Cu,Co)Zr kristallisiert, 
während Massivproben mit Co-Gehalten zwischen 0 ≤ x < 5  die monokline (Cu,Co)Zr 
Phase und Cu10Zr7 sowie CuZr2 beinhalten, wobei für x ≥ 10 die B2 (Cu,Co)Zr Phase bei 
Raumtemperatur im Gleichgewicht ist. Des Weiteren werden mit steigendem Co-Gehalt 
die Martensitumwandlungstemperaturen zu niedrigeren Werten verschoben.  
Die Phasenbildung im ternären System wird im pseudo-binären (Cu,Co)Zr-
Phasendiagramm zusammengefasst, welches die Entwicklung neuer 
Formgedächtnislegierungen sowie metallischer Glas-Komposite bei Zugabe des 
Glasbildungselementes Aluminium vereinfacht. 
In den Vierstofflegierungen erhöht Al die Glasübergangs- und 
Kristallisationstemperaturen und verbessert dadurch die Glasbildungsfähigkeit des 
Systems. Die röntgenographische Analyse zeigte, dass die Kristallisationsprodukte der 
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schmelzgesponnenen Bänder variieren: von Cu10Zr7 + CuZr2 + AlCu2Zr zu (Cu,Co)Zr + 
AlCu2Zr, wenn Co ≤ 5 und Co ≥ 10. Die Herstellung von Massivproben mit 
unterschiedlichen Durchmessern führte zu einem vollständig amorphen Gefüge, einem 
metallischen Glas-Komposit oder einem vollständig kristallinen Gefüge. Für Co ≤ 5 tritt 
neben (Cu,Co)Zr und AlCu2Zr ebenfalls Cu10Zr7 auf. 
Mittels Rasterelektronen (REM)- und Transmissionselektronenmikroskopie (TEM) 
erfolgte die Analyse des Einflusses von Al- und Co-Zugaben auf die Mikrostruktur von 
CuZr-Legierungen. Für die Cu-Co-Zr-Al-Legierungen sowie Cu30Co20Zr45Al5 (ø = 4 mm) 
und Cu45Co5Zr45Al5 (ø = 2 mm) wurden mikrostrukturelle Untersuchungen mittels TEM 
durchgeführt. Nachfolgend wurde die Heterogenität der Mikrostruktur in der 
Cu40Co10Zr45Al5 (ø = 2 mm) untersucht. 
Der Einfluss von Co auf die mechanischen Eigenschaften von rascherstarrten                      
Cu50-xCoxZr50 (x = 2, 5, 10 und 20 Atom-%) Legierungen zeigt, dass das 
Verformungsverhalten der Stäbe unter Druckbeanspruchung stark von der 
Mikrostruktur der (Cu,Co)Zr Phase und somit von der Legierungszusammensetzung 
abhängt. Kobalt beeinflusst die Bruchfestigkeit der Gussproben.  Weiterhin zeigen 
Proben mit martensitischem Gefüge eine Kaltverfestigung. Neben der Kaltverfestigung 
zeigen die Legierungen mit hohem Co-Gehalt eine verformungsinduzierte 
Martensitumwandlung und weisen zwei Streckgrenzen auf. Für die Vierstofflegierungen 
wurde der Einfluss der Kühlrate und der chemischen Zusammensetzung auf die 
mechanischen Eigenschaften untersucht. Für Cu48Co2Zr45Al5 (ø = 1.5, 2, 3 und 4 mm) 
und Cu45Co5Zr45Al5 (ø = 3 mm) wurde der Einfluss der Kühlrate und der Heterogenität 
diskutiert. Die Ergebnisse zeigen, dass die mechanischen Eigenschaften der Cu50-
xCoxZr45Al5-Legierungen stark von der Makrostruktur und dem Volumenanteil der 
amorphen und kristallinen Phase abhängen. 
Die verformungsinduzierte Martensitumwandlung in Cu40Co10Zr50- und Cu40Co10Zr45Al5-
Gussstäben wurde mittels hochenergetischer Röntgenstrahlung durchgeführt. Die In-
situ- Druckversuche erfolgten weg- und kraftkontrolliert. Das makroskopische und 
mikroskopische Spannung-Dehnungs-Verhalten sowie die Phasenumwandlungskinetik 
wurden dabei betrachtet. Die relativen Veränderungen der vollständig integrierten 
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Intensität der ausgewählten B2- und Martensitreflexe, die auf die Veränderungen der 
Volumenanteile der entsprechenden Phasen unter Verformung hinweisen,  wurden als 
Phasenumwandlungsvolumen M/M+B2 beschrieben. 
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Aims and objectives 
Next to having a shape memory effect and eutectoid transformation, the Cu-Zr system 
has the surprising tendency to vitrify during rapid cooling and its relatively high glass-
forming ability can be further enhanced by minor additions of alloying elements to the 
system. Such a variety in the phase selection leads to a strong competition between 
stable and metastable phases. Thus, the martensitic transformation and the enhanced 
mechanical properties of Cu-Zr alloys have attracted a considerable attention.  
Due to such remarkable properties of Cu-Zr-based alloys, the present PhD work aims to 
produce Cu50-xCoxZr50 (0 ≤ x ≤ 20) and Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys via 
melt spinning and suction casting and further to investigate the effect of Co and Al 
additions on phase formation, structural behavior and mechanical properties of the 
alloys. Some Cu atoms are replaced by Co atoms and some Zr atoms are replaced by Al 
atoms.  
Cu50Zr50 is selected as a basis of the studied alloys, since under relatively high cooling 
rates the decomposition of Cu50Zr50 to Cu10Zr7 and CuZr2 phases is suppressed and the 
equiatomic CuZr intermetallic compound undergoes a reversible martensitic 
transformation  from B2 CuZr to two monoclinic (B19' and B33) phases similar to NiTi, 
indicating a shape memory effect. On the other hand, this composition depicts 
intrinsically a compressive plastic strain of a few percent. Hence, the investigation of the 
mechanical and structural properties of the bulk metallic glass (BMG) composites based 
on CuZr alloys is noteworthy. For these studies Cu-Co-Zr and Cu-Co-Zr-Al alloys with 
varying Co content are selected. Co addition is believed to influence the phase formation 
of CuZr-based alloys and to stabilize B2 (Cu,Co)Zr down to room temperature and Al is 
added to the system to increase the glass-forming ability of the investigated alloys. Due 
to the differences in the effect of these two elements, it is expected to have different 
influences on the phase formation and microstructure and consequently on mechanical 
properties.  
Aims and objectives 
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As will be shown, by changing the composition and processing methods, not only 
monolithic BMGs, but also BMG composites and even fully crystalline materials are 
synthesized.  High-energy X-ray diffraction and in situ mechanical tests were used to 
investigate the deformation-induced martensitic transformation in some selected 
compositions. Besides, the thermally activated martensitic transformation of Cu-Co-Zr 
alloys was also studied. One main aspect of this work was to identify the phase 
formation in Cu-Co-Zr and Cu-Co-Zr-Al alloys, which was done by means of transmission 
electron microscopy and scanning electron microscopy and to identify the effects of Al 
and Co additions on the microstructure and phase evolution. 
Briefly, the present PhD work has aimed to deal with the different topics mentioned 
above in a very detailed way in order to clarify and extend some microstructural and 
mechanical aspects of the CuZr-based BMG composites so that they can be practically 
used in the future.  
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 1 Theoretical background  
The relationship between microstructure and mechanical properties is an important 
factor in alloy design, since it makes it possible to expect a range of different properties 
for a similar composition. In fact, potentially one may enhance a specific property or 
combine various properties that in general are not presenting together (e.g. remarkable 
yield strength as well as excellent plastic deformation). Processing methods are the key 
tools for tailoring and achieving the desired microstructure among which, casting 
techniques are of great importance as they are implemented to synthesize a wide range 
of materials. Casting conditions do have a direct influence on solidification of materials, 
allowing the synthesis of a bulk with either fully crystalline, fully amorphous parts, or 
even a mixture of crystalline and amorphous structures. Therefore, understanding the 
solidification phenomenon is of great importance. 
In this chapter, we will start with the fundamentals of solidification theory, followed by 
the principles of the bulk metallic glases (BMGs) and their properties. Subsequently bulk 
metallic composites will be discussed briefly. Finally this chapter will be finished with 
some aspects of the binary CuZr–based alloys as well as their characteristics.   
 
1.1 Nucleation and growth of crystalline materials 
Crystallization is a process, which occurs naturally or abundantly from a melt or solution 
or gas phase through the deposition of material. Having the long-range order 
distinguishes the crystals from gases, liquids and amorphous materials [1]. 
According to thermodynamics, a melt crystallizes as the Gibbs free energy of the crystal 
below melting point is lower than the liquid phase [2, 3].  Crystallization is a process 
based on nucleation and growth [4]. Consequently, some clusters should nucleate 
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initially and then grow by diffusion of atoms. The formation of clusters, in one hand 
reduces the free energy of the system due to transformation of liquid to solid phase. On 
the other hand it increases the energy of the system since an interface is formed 
between the cluster and the melt [5]. This subject can be well addressed according to 
Fig. 1.1 [5], in which the variation of the free energy of the system caused by cluster 
formation is illustrated as a function of cluster size. Assuming spherical clusters, the 
decrease of the free energy is related to the volume of the solid and equals to 
4
3
𝜋𝑟3∆𝐺𝑉, 
where r is the cluster radii and ∆𝐺𝑉 is the variation of the free energy per unit volume 
due to solidification [2, 5]. The increase of the free energy as a result of the liquid-crystal 
interface, is equal to 4𝜋𝑟2𝜎𝑠𝑙, in which 𝜎𝑠𝑙 is the liquid-solid interfacial energy per unit 
area. The total energy of the system (that is shown for three different temperatures of T3 
> T2 > T1) initially increases since at small cluster sizes, surface is dominant over the 
volume. After a critical radius (r*), the free energy decreases by further increase of the 
cluster size. The cluster is named as embryo if its radius is smaller than r*. In this case 
the embryo is unstable and re-melts as the total energy will then decrease. At the same 
time the cluster is termed as nuclei provided that its radius is larger than r*, growth of 
which further reduces the total free energy of the solid and liquid  [2, 5]. It should be 
noted that the critical cluster size (r*) is smaller at lower temperatures that is attributed 
to a larger difference between the free energies of solid and liquid at lower 
temperatures. 
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Figure 1.1: The total free 
energy of the slid-liquid system 
as a function of cluster size for 
three different undercooling 
temperatures (T3 > T2 > T1) 
[5]. 
The nucleation rate (I) itself is affected by both kinetic and thermodynamic factors and 
can be expressed as [6]: 
𝐼 = 𝐴𝐷 𝑒𝑥𝑝 [−
∆𝐺∗
𝑘𝑇
] 
(1.1) 
where A is a constant, D is the effective diffusivity, T the absolute temperature, k the 
Boltzmann’s constant, and ∆𝐺∗ is the activation energy for the formation of stable nuclei 
[6]. Thermodynamic plays its role through ∆𝐺∗ that can be written as                                       
∆𝐺∗ = 16𝜋𝜎𝑠𝑙
3 /3(∆𝐺𝑙−𝑠), where ∆𝐺𝑙−𝑠 is the free energy difference between liquid (Gl) 
and crystalline (Gs) states and can be calculated using calorimetric measurements (see 
reference [6]). If ∆𝐺𝑙−𝑠 is small, the driving force for crystallization is low, that manifests 
itself in the form of a larger activation energy (∆𝐺∗) for nucleation. Consequently 
anything that decreases the value of ∆𝐺𝑙−𝑠 may retard the nucleation, and hence, the 
crystallization of the melt. 
Nucleation is either homogeneous or heterogeneous. When the system consists of olny 
atoms in the liquid state, homogeneous nucleation occurs. But if the melt contains solid 
particles or it is in contact with oxide layer or crystalline crucible, heterogeneous 
nucleation may happen. The activation energy needed for heterogeneous nucleation is 
always lower than that of  homogeneous nucleation [7]. 
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The next step after ncleation is growth. The crystal growth can occur in gas or in liquids 
and melts. In the solidification of a melt, the crystal growth is a process, which is the 
basis of all of cast productions. During the solidification, the heat transport controls the 
solidification process and the cooling process defines the properties of the product such 
as the micro/ macro structure and the grain size. There are different mechanisems that 
control the solidification; diffusion controlled or interface controlled mechanisems. The 
diffusion controlled mechanisems generally play significant role in metallic alloys, while 
in non-metallic alloys the interface controls the solidifidation [8, 9].   
In a pure metal or an alloy system, the solidification microstructures are mostly divided 
into two groups; single phase crystalls and poly phase structures. On the other hand 
there are different growth forms like dendrites, eutectics and the combination of these 
[7].  
During the solidification, the solid/liquid interface can be stable or unstable. If the 
interface temperature is equal to the liquidus temperature and every point in front of 
the interface has a higher temperature than liquidus temperature, then an stable plane 
front solidification will occur. If the temperature of the liquid phase immediatedly in 
front of the interface is below the equilibrium liquidus temperature, the melt is 
supercooled. This constitutional supercooling is caused by a change in the composition, 
not temperature.    
 
1.2 Bulk metallic glasses 
The term “glass” at a very first glance may bring the vision of a material to the mind that 
passes through the visible light, i.e. silica-based solids. However, glasses are defined in 
science as a category of solids comprising a non-crystalline microstructure and 
exhibiting glass transition during heating to high temperatures [5, 10-13]. This 
definition involves a wider range of materials. Glasses are formed in general by utilizing 
the “confusion” effect [14, 15]. This simply means the use of many different elements in 
the alloy design so that the atoms cannot simply rearrange themselves to the 
equilibrium positions during solidification. Subsequently, as a result of a high cooling 
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rate, the obtained solid comprises the structure of a liquid that is frozen [14], lacking any 
long range order that is typical for crystalline materials. 
In general, glasses can be obtained from different groups of solids with different types of 
atomic bonds. These include materials with ionic, van der Waals, hydrogen, and covalent 
bonds [6]. However, metallic alloys are usually solidified in the form of a well-defined 
crystalline structure with a long-range order. In this sense, metallic glasses are somehow 
new to the group of amorphous materials due to the fact that their production requires a 
higher cooling rate compared to the other classes of glasses (~106 K/s) [6]. The 
interesting feature of this group of materials, i.e. metallic glasses, is that it combines the 
metallic nature of bonding with amorphous structure that is typical for materials with 
ionic, van der Waals and covalent bonds. Hence, very different and interesting 
properties are expected from this class of materials. 
In 1954, Buckel and Hilsch [16-18] found that amorphous alloys can be obtained by 
condensation of metallic vapors onto a cold substrate. However, the first scientifically 
reported metallic glass was obtained by Duwez and coworkers [19] in 1960, who were 
able to obtain a gold-base metallic glass (Au75Si25) using liquid melt quenching 
technique [19, 20]. They showed for the first time that the nucleation and growth of 
crystals during solidification can be suppressed in some alloys due to a very high cooling 
rate [6]. 
In 1967 Liebermann and Graham [21] developed a new method for producing thin 
amorphous ribbons of metallic alloys on a supercooled fast-spinning wheel. Their work 
was based on the concept of melt spinner presented by Pond and Maddian in 1969 [21]. 
This was the start for innovation of continuous casting processes for commercial 
production of metallic glasses in the forms of ribbons and sheets [6, 22], accelerating the 
research in this field. 
The major issue in manufacturing metallic glasses is the very high cooling rate required 
to freeze-in the molten state. This limits the possible shape of the glassy products to 
ribbons and sheets, in which the heat can be taken away very quickly. The discovery of 
new alloy compositions requiring lower cooling rates to obtain amorphous structures, 
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allowed the production of metallic glasses with the thicknesses of several millimeters 
and even centimeters [14]. In this context, considering the millimeter scale as bulk [6], 
one can say that the first BMG was developed through suction casting of Pd-Cu-Si alloy 
in 1974 [23]. The cooling rate for this alloy was ~ 103 K/s [23]. later on, alloy 
compositions were discovered that even required lower cooling rates in order to solidify 
in the form of a metallic glass (1-100 K/s) [14]. Examples of such alloys are 
multicomponent Li-, Mg-, Zr-, Pd-, Fe-, Cu-, and Ti-based alloys discovered during 1980s 
by the groups of Inoue and Johnson [24]. In general, Zr- and Pd-based alloys are the best 
glass formers [14]. The ability to produce metallic glasses in larger dimensions, i.e. 
BMGs, makes it possible to explore and examine the properties (e.g. mechanical, 
magnetic and …) of this interesting class of materials. 
In a very general view, the properties of a solid are a function of three main parameters 
[25]. These include (i) chemical composition, (ii) atomic structure or atomic 
arrangement, and (iii) the size of the solid [25]. Despite having the same composition, 
the properties of metallic glasses are different compared to their crystalline 
counterparts that are simply due to different atomic structures. Consequently, 
understanding the atomic structure of metallic glasses is of fundamental importance in 
order to understand the structure-property relationship in metallic glasses. Accordingly, 
the next section contends with the atomic structure of metallic glasses. 
 
1.2.1 Structure 
Atomic structure of metallic glasses is a topic requiring additional exploration and 
illumination. The difficulty here is that metallic glasses are generally composed of many 
elements with different atomic radii and electronic structures making it rather 
challenging to portrait a universal atomic structure [15]. For that reason, most of the 
studies take in hand the examination of a certain group of metallic glasses. 
As glasses are obtained by freezing-in the thermal disorder presenting in the molten 
state [25], it is expected that there are many similarities between the arrangement of 
atoms in the melt and in the glass [15]. For the convenience of discussion, we continue 
1 Theoretical background      
 
7 
 
here considering a system with single atoms, i.e. a pure metal. Although the atoms of a 
metal are free to move in the molten state, the atoms rearrange in such a way that they 
keep the atomic packing as dense as possible [15]. This is confirmed experimentally as 
there is little difference between the density of metals before and after melting [15]. The 
dense packing of metals finds its origin in the nature of metallic bonding. Unlike covalent 
bonds, metallic bonds are not directional [15] and the electrons are free to move. This 
means that metals can be considered as cations immersed in an electron gas [15]. The 
total potential energy for such an arrangement is lower when more atoms are sharing 
their valence electrons, i.e. denser packing [15]. 
The distribution of atoms in a metallic glass maybe considered absolutely random due to 
the facts that (i) conventional X-ray and electron diffraction patterns are lacking of any 
sharp distinguishable reflections [5], and (ii) TEM bright- and dark-field images are 
featureless [15]. These results authenticate the lack of long range order [5, 14, 15] that is 
the key structural feature of metallic glasses. However, they cannot prove or disprove 
the presence of any short range order simply due to limitations regarding the resolution 
of detection. However recent studies, implementing techniques that can resolve atomic 
structures in the order of even a few numbers of atoms, revealed the presence of short 
range order in the glassy state [15]. Examples of such results are shown in Fig. 1.2, 
illustrating the dark-field images resulted from a glassy structure with (i) random 
distribution of atoms and (ii) some ordered clusters. It is believed that the enhanced 
speckle in the high magnification dark-field images is due to the presence of short range 
orders (Fig. 1.2) [15, 19, 26]. As another example, electron diffraction patterns obtained 
using a nano-sized beam (~ 0.7 nm) from a very local area of a Zr66.7Ni33.3 metallic-glass 
ribbon revealed undoubtedly the presence of small ordered entities (Fig. 1.3) [14, 27].  
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Figure 1.2: An sketch showing the 
speckle as a result of both random 
coherent and ordered coherent 
alignments [28]. 
 
 
Figure 1.3: Cluster structure and corresponding experimental and calculated patterns of 
Zr66.7Ni33.3 metallic-glass ribbon. a) a two-face sharing polyhedron with on-axis orientation 
for Bragg diffraction, a′) view of the cluster from a direction showing the shared face, b) 
experimental and c) simulated NBED patterns. Individual simulated patterns of d) cluster 
A, and e) cluster B [27]. 
 
Bernal [29] was one of the pioneers [30-32] who undertook understanding and 
visualization of the atomic structure of metallic liquids. He proposed a number of tiny 
atomic arrangements as the building blocks of a metallic liquid based on dense packing 
of equal hard spheres (Fig. 1.4). His idea was to arrange the atoms in such a way that the 
density of the building blocks is highest and the corresponding whole in the middle is 
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smaller than the size of an individual hard sphere [15, 29]. In addition, they should not 
cause translational symmetry leading to any kinds of long-range order. Among the 
proposed polyhedrons indicated in Fig. 1.4, tetrahedron (Fig. 1.4(a)) comprises the 
highest packing [15]. If one starts to fill the 3-D space with individual atoms based on 
the equilateral tetrahedron arrangement, it is only possible to put 12 atoms together and 
still maintain the polytetrahedron packing [15]. The resulting cluster is an icosahedron 
(Fig. 1.5) presence of which is reported by many authors [33-37] in the structure of 
metallic glasses. 
 
 
 
Figure 1.4: Bernal’s hard 
sphere packings and 
corresponding central holes 
(pink sphere): a) tetrahedron, 
b) octahedron, c) tetragonal 
dodecahedron, d) trigonal prism 
capped with three half 
octahedra, e) Archimedean 
antiprism capped with two half 
octahedra [29]. 
 
  
 
Figure 1.5: An icosahedron, and 
corresponding icosahedral atomic 
arrangement (taken from Fig. 16 of [15]). 
In reality, metallic glasses include more than one component. In a simple real case, 
metallic glasses with only two components, one belonging to late transition metals (e.g. 
Fe, Ni) and the other to metalloids (e.g., B, C, P) can be synthesized [38]. The solute-
solute avoidance together with the presence of short to medium range order are 
reported for such cases [38]. Nevertheless the situation is even more complex for multi-
component metallic glasses, compared to binary transition metal-metalloid ones. 
However the limited case studies available reveal the presence of some characteristic 
orders in the structure. As an example, the simulated atomic structure of an Al89La6Ni5 
metallic glass is illustrated in Fig. 1.6. The presence of solute centered clusters is 
completely evident [39]. 
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Figure 1.6: Simulated atomic structure 
model for Al89La6Ni5 metallic glass [39]. 
Figure 1.7: Two-dimmentional view of a 
dense cluster-packing structure in a (100) 
plane of clusters illustrating the features of 
interpenetrating clusters and efficient 
atomic packing around each solute [40]. 
 
Later, Miracle [40] proposed an interesting idea regarding the ordering of solute-
centered clusters constituting a medium range order [15]. This is shown schematically 
in Fig. 1.7. According to Miracle [40], solute centers usually form an fcc array that is 
extended to maximum few cluster diameters [15, 40]. In some cases they may also form 
a simple cubic arrangement. 
 
1.2.2 Crystallization and glass transition 
Transformation of a melt into an amorphous solid without any long-range translational 
symmetry is a very interesting phenomenon. In one hand, thermodynamic claims that no 
solid can exist in the form of a glass since it is a metastable state [5]. On the other hand, 
practically it has been observed that very high cooling rates together with high viscosity 
of the melt inhibit crystallization leading to the glass formation [5]. Therefore, the glass 
formation is considered as a kinetical issue [5]. In this context, cooling rate is crucially 
important in terms of the atomic structure of the solidified melt. As discussed already in 
sections 1.2.1, depending on the cooling rate, a variety of microstructures can be 
obtained ranging from fully crystalline to fully amorphous solids exhibiting short range 
order (1.5-3 Å), but no medium (3-10 Å) and long range orders (> 10 Å)) [5]. 
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We start the discussion here with low cooling rates, where the cooling curve intersects 
the crystallization region of the corresponding TTT diagram (Fig. 1.8), meaning that the 
final product is a crystalline solid. 
 
 
 
 
 
 
Figure 1.8: Schematic presentation of a TTT 
diagram for solidification. Low cooling rates 
(cooling curve 1) results in the crystallization of 
the melt, crystallization can bypassed by very 
high cooling rates (cooling curve 2) leading to a 
glassy structure. 
 
A glass can be obtained by very fast cooling of glass-forming liquids from temperature 
above their melting point. Since in the usual case a melt crystallizes during cooling, glass 
formation may be viewed as the suppression of crystallization [6], or being more 
precise, the inhibition of nucleation, since crystallization is based on nucleation and 
growth [4]. 
Alternatively kinetics comes to the game through the self-diffusion coefficient, which is 
strongly correlated to the viscosity of the melt [6]. Generally the viscosity of the glass 
forming compositions in the molten state is in the order of 2-5 sPa. ,that is 3 orders of 
magnitude larger than the corresponding value for pure metal melts (~ 10-3 sPa. ) [41]. 
Studies revealed that the kinetics of glass forming liquids is very similar to the strong 
liquids in terms of high viscosity and sluggish kinetics in the super cooled liquid region 
[42, 43]. This impedes the diffusion in the melt and as a result, the formation of stable 
nucleus of equilibrium phase(s) and their growth is retarded. This leads to a high 
stability and a good glass-forming ability of the super cooled liquid [6]. 
When crystallization takes place during cooling from the molten state, heat capacity (Cp), 
energy, volume, and the entropy varies sharply and discontinuously at Tm (Figure 1.9) 
[5, 18, 44], since liquid-to-crystal transformation is a first order transition [18]. However 
the mentioned values vary gradually during glass transition that is a second order 
1 Theoretical background      
 
12 
 
transformation, meaning that the derivatives of the evolutions vary discontinuously [18] 
at Tg. According to Fig. 1.9(a), the heat capacity of the supercooled liquid bellow Tm 
decreases almost with the same trend as for the melt. The rate of the decrease in the 
value of Cp rises gradually at Tg+ with a subsequent gradual decrease in the reduction 
rate of Cp at Tg- [5]. Tg is positioned at the point of inflection between Tg- and Tg+. Similar 
behavior is also observed for energy, entropy and the volume of the supercooled liquid 
[5]. Their evolution below Tm proceeds with the same slope as for temperatures above 
Tm. However the slop reduces discontinuously at glass transition temperature Tg. 
   
Figure 1.9: a) Variations in heat capacity as a result of crystallization and glass transition. 
during crystallization at Tm, Cp drops discontinuously to the value of crystalline solids. 
However Cp changes gradually during glass transition approaching to the value of 
crystalline at lower temperatures, b) evolution of energy, entropy, and volume of the 
system during crystallization, and glass transition at different cooling rates [44]. 
 
Interestingly Tg is not a fixed temperature and is strongly dependent on cooling rate [18, 
45], which is different compared to the transformations occurring due to 
thermodynamic considerations (e.g. liquid-crystalline transition with a fixed melting 
point). This again confirms that glass transition is a dynamic phenomenon being related 
to kinetics [5, 6, 46, 47]. It has been reported that the variations of Tg by cooling rates 
can be in the order of 10-20% [45]. This suggests that the properties of a glass is 
strongly dependent on cooling rate [5], since Tg is the point, in which the evolution rates 
of entropy, energy, and volume change. The issue is well illustrated in Fig. 1.9(b), 
showing different glass transition temperatures (Tg, Tg', Tg") as a result of the different 
cooling rates. It should be noted that the argument presented here fits very nicely to 
what concluded in discussing the structure of glasses (section 1.2.1), that the atomic 
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structure of a glass covers the entire range of glassy state from disordered arrangements 
close to liquids to ordered ones close to the crystalline [5]. 
As an example of the influence of cooling rate on the properties, the dependency of 
subsequent crystallization behavior on cooling rate of an Al-based metallic glass [48, 49] 
is shown in Fig. 1.10. If the cooling curve in the TTT diagram intersects the nucleation 
nose ( N ), the glass already contains clusters larger than r* (better mention nucleus). 
Therefore devitrification behavior of the glass is growth controlled and Tg and Tx will be 
equal [50]. However if the cooling curve is not intersecting the nucleation nose, no 
nucleus will be present in the structure and hence, the devitrification behavior is 
nucleation controlled [50]. Consequently distinct Tg and Tx will be observed in DSC 
measurements [50]. Obviously this does not mean that the glassy structure is free of 
ordered clusters here. Rather, it is more convenient to argue that the cluster size is 
below the critical value so that they are not considered as nucleus. In general, one can 
conclude that the size and the amount of ordered clusters will be lower for higher 
cooling rates. 
 
Figure 1.10: Schematics comparing the kinetics of metallic glass formation via nucleation 
control or growth control. Quenching and reheating paths are shown on the TTT diagrams and 
thermograms (dQ/dt: heat evolution rate) [48]. 
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1.2.3 Glass-forming ability   
Glass-forming ability (GFA) is defined as a parameter that describes the ease or difficulty 
of the glass formation in a given alloy composition [18]. As it is a general definition, 
different parameters and concepts have been implemented by the metallic glass 
community to compare between the GFA of two alloy compositions, which also strongly 
depends on the method of production. For example, if rapid quenching techniques are 
implemented to manufacture a glassy specimen, two criteria can be utilized as an 
indication for the GFA of the alloy. These include: (i) the critical cooling rate, and (ii) the 
maximum sample size (diameter for rod casting) that can be obtained and the sample is 
still amorphous [18]. The lower the critical cooling rate or the larger the maximum 
attainable sample size, the higher the GFA [18, 51]. Later, other parameters were also 
proposed that have some connections to the properties of the material. These include 
the reduced glass transition temperature, Trg, that is defined as 𝑇𝑔/𝑇𝑙𝑖𝑞, ∆𝑇𝑥𝑔 that is the 
temperature range between crystallization onset (Tx) and glass transition (Tg) 
temperatures, and the  parameter, which is defined as 𝑇𝑥/(𝑇𝑔 + 𝑇𝑙𝑖𝑞). 
Trg or reduced glass transition temperature was first proposed by D. Turnbull in 1969 
[52]. He calculated the nucleation rate at various Trg values taking into account different 
parameters that can affect the homogeneous nucleation process (more details are 
available in the corresponding reference [52]) Turnbull concluded that a good GFA can 
be obtained provided that the value of Trg is larger than 2/3. This means a high Tg and a 
low Tliq. In this condition, the melt crystallizes within a narrow temperature range and 
also with a very slow rate [52]. These facilitate to undercool the corresponding melt to 
the glassy state, while suppressing the crystallization. ∆𝑇𝑥𝑔 that is introduced by Inoue 
et al. in 1990 [53] is an indication for the stability of the super cooled liquid. The higher 
the value of ∆𝑇𝑥𝑔 is, the better the glass-forming ability of the alloy. Inoue et al. [53] 
reported that for large amounts of ∆𝑇𝑥𝑔 and Trg, the supercooled liquid is more stable 
and the viscosity increases steeply at larger degrees of supercooling that are in turn 
attributed to an optimal bonding and packing state of the glass [53]. However Lu et al. 
[54] reported that ∆𝑇𝑥𝑔 alone cannot be effectively used to predict the glass-forming 
ability of an alloy. They introduced  parameter, 𝑇𝑥/(𝑇𝑔 + 𝑇𝑙𝑖𝑞), as an indication for GFA. 
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Lu et al. [54] further reported that the critical cooling rate (Rc) and the critical section 
thickness (Zc) can be obtained using  parameter. The corresponding equations are as 
follow: 
𝑅𝑐 = 5.1 ∗ 10
21exp (−117.19𝛾)                                                                        (1.2) 
𝑍𝑐 = 2.8 ∗ 10
−7exp (41.70𝛾)                                                                        (1.3) 
Following Li [18], it is more relevant to address the GFA discussed above as the nominal 
GFA. The reason is that the glass forming behavior of an alloy system is strongly 
dependent on the method of production and the GFA indications obtained are not 
reflecting the inherent behavior of the alloy that is termed as intrinsic glass-forming 
ability [18]. For example, according to [55-58] liquid melt quenching of binary Ni-Nb 
alloys can lead to the glassy structure in the composition range of 40-60% Nb. While 
glassy structures with a much wider compositional ranges can be obtained by  ion beam 
mixing [59]. 
 
1.2.4 Mechanical properties 
Mechanical properties of materials play a key role in their application and hence they 
have attracted significant attention of researchers. Among the materials, the metallic 
materials are fabricated traditionally as crystalline materials and due to the presence of 
dislocations, they exhibit low strength compared to the theoretical value. However, 
BMGs represent a combination of mechanical properties like large elastic strain (2 %), 
high strength, low elastic modulus compared to their crystalline counterparts and 
considerable fracture toughness in some cases [60-64]. In [65] the mechanical 
properties of 1507 metals, alloys, metal-matrix composites and metallic glasses are 
reported and compared; for example it was found that the elastic energy stored per unit 
volume is the most in the BMGs compared with the other materials. Fig. 1.11(a and b) 
represent the relationship between the E modulus and tensile fracture strength or 
Vickers hardness of typical BMGs [66]. As the Fig. 1.11(a and b) depict there is a roughly 
linear relationship between E modulus and tensile fracture strength or Vickers 
hardness. Interestingly by decreasing the dimension of metallic glasses to micro- or 
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nano-scale, the yield stress and strain of the alloys increase [67]. Fig. 1.11(c) shows the 
stress and strain values of CuZr-based metallic glasses. The plastic deformation of some 
ductile BMGs depends on external and internal factors; external factors like experiment 
conditions and the aspect ratio of the sample. The measurement conditions include the 
strain rate, temperature, machine stiffness, etc [68-71]. For example, during the 
measurement if the temperature or strain rate is changed, there would be a brittle-
ductile transition [72-75]. The internal factors, which affect the plastic deformation of 
some ductile BMGs are the atomic-level features of a glassy structure, such as different 
relation states, amounts of free volume or structural heterogeneities [69]. For example 
by introducing nano- or micro-scaled structural heterogeneities into a glassy matrix, the 
formation and propagation of shear bands could be changed and mechanical stability of 
the sample would be improved even under tension test [68, 71]. So far, different theories 
have been considered glassy structures and their mechanical properties. Shear 
transformation zone theory [76-80], free volume model [69, 81, 82], potential energy 
landscape theory [83-85] and cooperative shearing model [86, 87] are the most 
important theories. The details about the deformation theories are described in the 
references and are out of scope of this work. 
 
Figure 1.11: The relationship between a) tensile fracture strength and b) Vickers 
hardness with E modulus of typical BMGs [66], c) the strength and stain limit of CuZr-
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based metallic glasses [67]. 
 
1.3 Bulk metallic glass composites 
Beside the impressive properties of metallic glasses mentioned above, these types of 
materials suffer from the low room temperature deformability. To overcome this blind 
spot, bulk metallic glass composites (BMGC) have been developed. BMGC consist of a 
glassy matrix reinforced with a second phase of crystalline (spherical, dendrite or 
quasicrystalline) or another glassy material. Regarding the presence or evolution of the 
second phase, BMGC can be prepared via in situ or ex situ methods. Fig. 1.12 depicts a 
schematic of different preparation methods of BMGCs [88].  
 
Figure 1.12: Schematic of different processing methods of BMGCs [88] . 
 
By selecting a suitable composition, in situ BMGCs can be prepared during solidification. 
In addition to the composition, cooling rate has an important effect on characteristics of 
the final BMGC. By adjusting these factors, the morphology and the shape of the 
precipitates, their distribution and volume fraction can be optimized. There are some 
methods to produce ex situ BMGCs; as-cast BMGs are used as precursors and via thermal 
treatment or severe plastic deformation/ high pressure torsion, the glass phase is 
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partially devitrified and therefore, a heterogeneous microstructure is gained. The 
properties of the prepared BMGC such as the structure, size and shape, volume fraction 
and distribution of the second phase mainly depends on the composition of the BMG and 
the second step treatment. Another way to obtain BMGCs is to mix insoluble particles, as 
the second phase, to the MBG melt before the solidification. Using these methods, BMG 
composites reinforced by fibers or wires are produced successfully [88-91].  
In this study we aimed to synthesize BMG matrix composites that are embedded with 
either micro- or nano-sized B2 crystals, since it has been reported by a number of 
researchers that, the precipitation of crystalline phases improves the plastic behavior of 
BMGs [92-103]. In fact, the improvements in mechanical properties or to be more 
precise, the possibility of combining properties like strength and hardness with fracture 
toughness and fatigue resistance has been reported as a result of the formation of BMG 
composites containing crystalline phase [95, 104-106]. In this context, synthesizing BMG 
matrix composites containing a soft crystalline phase, which is capable of undergoing 
martensitic transformation or twinning upon loading is of great interest, since the 
accommodation of strain within the crystals via the occurrence of transformation 
improves the overall mechanical properties of the BMG composite [107, 108]. In this 
PhD work, we have added both Al and Co to the binary CuZr in order to improve the GFA 
of the alloys mainly through Al addition, and at the same time, stabilize the B2 crystals 
down to the room temperature. Optimizing the casting conditions, so as to obtain a 
fraction of crystalline particles within the amorphous matrix, will lead to the synthesis of 
the desired microstructure that combines the high hardness and elastic modulus of the 
BMG matrix with the shape memory effect of the stabilized B2 particles.    
 
1.4 Cu-Zr alloys 
The binary CuZr is exceptionally attractive since varieties of phase formation 
possibilities can be expected depending on the conditions, in which the alloy is being 
formed [109-120]. From the free energy point of view, one can expect to synthesis 
amorphous structures down to stable crystalline phases, which is determined by the 
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chemical composition and more importantly the cooling rate of the alloy. The Cu-Zr 
binary equilibrium phase diagram is illustrated in Fig. 1.13(a). Depending on the 
composition, a high number of intermetallic compounds (Cu9Zr2, Cu51Zr14, Cu8,Zr3, 
Cu10Zr7, CuZr2), as well as mixtures of the phases are available at equilibrium [121]. 
However it is possible by rapid cooling to synthesize BMGs in a wide range of chemical 
composition. S. Pauly [122] has already summarized the possible composition ranges, in 
which one can vitrify the alloy either into a ribbon or as a casting rod (Fig. 1.13(b)). 
Accordingly, the formation of the binary glasses of Cu100-xZrx with 20 ≤ 𝑥 ≤ 75 is 
feasible [109-111]. However, as summarized by Pauly [122], the best GFA is obtained 
around the following two compositions of Cu64Zr36 and Cu50Zr50 that is in fact the range, 
in which three deep eutectics exist.       
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Figure 1.13: a) Binary Cu-Zr phase 
diagram [121], b) critical casting 
dimensions in binary Cu100-xZrx alloys 
[122]. 
At equilibrium cooling rates, binary Cu50Zr50 composition solidifies congruently to the 
intermetallic CuZr with a B2 CsCl structure ( mPm

3 ) and is stable only at temperatures 
above 988 K [121]. Below, it decomposes into Cu10Zr7 ( caC2 ) and CuZr2 ( mmmI /4 ) if 
the system is given enough time to equilibrate during cooling [121]. In a metastable 
undercooled state, the equiatomic CuZr intermetallic compound can undergo a 
martensitic transformation (MT) from B2 CuZr to two monoclinic (B19' and B33) 
phases. This will be discussed in detail in the following section.  
It is intended in this work to synthesize BMG composites that are embedded with stable 
B2 crystals, since the presence of ductile crystalline phases within the amorphous 
matrix improves the damage tolerance of the overall composite [69, 123-125]. 
Consequently the effect of two categories of elements becomes very important: alloying 
additives that (a) extend the stability range of B2 CuZr intermetallic, and (b) improves 
the GFA of the CuZr alloy. 
Co is an element that extends the stability of the B2 range towards room temperature, 
that is attributed to the fact that the B2 CoZr ( mPm

3 ) is stable at room temperature 
(Figure 1.14) [121]. Therefore Co addition to B2 CuZr may improve the stability of the 
B2 phase at lower temperatures. One of the aims of this work is to investigate the 
thermodynamic stability of the B2 CuZr phase upon Co additions and to study the phase 
formation of Cu50-xCoxZr50 (0 ≤ x ≤ 20) alloys. The effect of Co addition into the binary 
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CuZr on the martensitic transformation and thermal cycling, as well as on the 
microstructure and mechanical properties, is also investigated in detail. 
 
Figure 1.14: Binary Co-Zr phase diagram [121] . 
It has been already shown that the nucleation of crystalline phases may be hindered by 
the addition of a third element resulting in an improvement in the GFA of the alloy [126-
134]. The addition of Al to the binary CuZr enhances the stability of the supercooled 
region [126, 135, 136], that together with the presence of deep eutectics, leads to a very 
good GFA of the ternary Cu-Zr Al alloys [137-145]. The effect of Al addition to the binary 
CuZr has been investigated in two different manners: (a) the addition of Al to equiatomic 
CuZr and synthesizing (Cu50Zr50)100-xAlx alloys, and (b) substitution of Zr by Al that can 
be well represented by Cu50Zr50-xAlx. Interestingly, depending on the way of Al addition, 
different effects on the properties of the final alloy has been observed. An increase in Tg, 
Tx, ΔTx, hardness and elastic modulus [137, 143] as well as improvements in the room 
temperature plasticity [137, 140, 142], yield and fracture strengths [146] have already 
been reported by the addition of Al, while maintaining the equiatomic ratio of Cu and Zr 
[137]. On the other hand, the substitution of Zr by Al has been shown to decrease 
hardness, Tg and fracture strength [137, 145].  
 
1.5 Martensitic transformation 
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Martensitic transformations (MT) are the phase transformation with a cooperative 
atomic movement and they are diffusionless solid-solid transition, which were the 
interesting point of many research due to their unique properties such as shape memory 
effect and superelasticity [147]. The shape memory effect was first known in 1938 in Cu-
Zn alloys and Cu-Sn alloys [148], but not widely used until 1963, when Ni-Ti alloys were 
studied. Among the various alloy systems studied so far, NiTi-based alloys are the most 
attractive materials with superior shape memory and super plastic properties [120, 
149-153]. On the other hand, Cu-Zr-based quasi-binary intermetallics [154] show quite 
high temperature MT. As an example of Cu-Zr-based alloys, phase transformations in Cu-
Zr-Ni alloy were studied in [155]. The MT in CuZr intermetallic and the twined nature of 
the martensite were first indicated by Carvalho et al [115] and Nicholls et al [156].  
As mentioned above, Cu50Zr50 intermetallic compound has a B2 structure which is stable 
above 988 K. Below this temperature and in the equilibrium state this phase 
decomposes into Cu10Zr7 and CuZr2 phases. Rapid cooling to the temperatures lower 
than 413 K leads to a transformation of B2 CuZr into metastable monoclinic structures 
(B19’ and B33). This phase has martensitic characteristics and shape memory effect 
[157, 158]. The austenite-to-martensite transformation is reversible and thus, CuZr 
constitutes a shape memory alloy [157, 159-161]. It has been reported that in the 
vicinity of Cu50Zr50, ternary Cu-Zr-based alloys such as Cu46.5Zr48.5Al5 [162] and 
Cu50Zr47.5Ti2.5 [163] form a martensitic phase and the deformation-induced martensitic 
transformation is reported in Cu50Zr45Ti5, (Cu0.5Zr0.5)100-xAlx. Comprehensive studies by 
Carvalho and Harris [164-166] indicated that in the pseudo-binary Co50-xNixZr50 alloys (0 
≤ x ≤ 50), for the alloys with x ≥ 10 at.% Ni, a thermally activated martensitic 
transformation is observed [164-166]. Also a stress-induced martensitic transformation 
occurs in this compositional range of Co-Ni-Zr alloys under loading and increases the 
ductility of these alloys [167, 168].  
Based on the studies [116, 118, 169, 170], B19‘ is a monoclinic martensite phase with a 
basic structure (P21/m), while B33 is the superstructure of the former with a doubling of 
the lattice parameter along the a- and b-axes (Cm). As reported in [169] the lattice 
parameter of the both martensite are as following: 
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B19’ a = 0.3278 nm 
 b = 0.4161 nm 
 c = 0.5245 nm 
  =  103.88 ˚ 
B33 a = 0.6316 nm 
 b = 0.8562 nm 
 c = 0.5331 nm 
  =  105.27 ˚ 
 
A schematic of austenite (B2) and two martensites ( B19’ and B33) crystallographic 
strcutures are shown in Fig. 1.15. Considering the similarity between CuZr and NiTi unit 
cells, it was proposed that by shearing the (011)B2 planes in the [100]B2 direction and 
forming the monoclinic angle and in the meantime, elongating the [011]B2 direction and 
shortening the [011̅]𝐵2 direction, the B2 parent phase with a lattice parameter of 0.3262 
nm transfers to the basic structure of martensite (B19’). The [100]B2 axis remains 
unchanged and the lattice correspondence will be [100]B2//[100]M, (011)𝐵2//(001)𝑀, 
(011̅)𝐵2//(010)𝑀. Additinally, the atoms are shuffled within each unit cell. To transform 
to the superstructure martensite, the same directions and doubling of the basic 
structure along the a- and b-axes are needed. Intrinsically, the superstructure (B33) 
consists of four basic unit cell (B19’) [169]. 
 
Figure 1.15: Schematics of a) austenite, b) basic and c) superstructure martensite with the 
associated crystallographic relation [169]. 
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2 Synthesis and characterization methods 
2.1 Sample preparation 
In order to investigate the phase formation and thermal and mechanical properties of 
Cu-Zr based alloys, two groups of alloys were studied in this work; Cu50-xCoxZr50 (0 ≤ x ≤ 
20) and Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) (all compositions in at.%). Prior to alloying, 
the constituent elements with the purity of  99.99% (Cu: Goodfellow GmbH, Co: VEB 
Mannsfeld Kombinat, Zr: Wah Gang, Al: E. Wagner GmbH) were cleaned mechanically by 
means of 800-1200 grid grinding paper and washed with ethanol in an ultrasonic 
apparatus. According to the desired composition, the appropriate amounts of the 
elements were weighed using a Mettler Toledo AT200 (Mettler Toledo GmbH) with the 
experimental accuracy of ± 0.001 g. Afterwards, they were alloyed in an arc melter 
(Edmund Bühler GmbH) in a Ti-gettered Ar atmosphere. In order to achieve chemical 
homogeneity, the alloys were melted several times. The weight of the ingots was 25-30 g 
and in order to insure that the actual compositions match the nominal desired ones, the 
weight of the constituent elements before alloying and the weight of the ingots after 
casting were monitored carefully with the same balance. Most of the ingots showed the 
weight loss  0.01 %, which is negligible and thus the composition of the ingots are the 
intended ones. The ingots were cut to four pieces using Buehler Abrasimet 2 (Buehler 
UK LTD) to be used as master alloys for suction casting or melt spinning. 
2.1.1 Copper mold suction casting 
In order to produce bulk samples (in the form of rod or plate) an arc melter, to which an 
in situ suction device is attached (Edmund Bühler GmbH) was used. A schematic 
diagram of the arc melter connected to an in situ suction device is shown in Fig. 2.1. 6 - 8 
g of the master alloy was melted and quenched into a water-cooled copper mold to 
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produce 70 mm long cylindrical rods with 1.5, 2, 3 and 4 mm in diameter. To produce 
plates with dimensions of 1.5 (or 2) mm  10 mm  70 mm, 10 - 12 g of the master alloy 
was used. Before casting the arc and suction chambers were evacuated to a pressure of 
10-5 - 10-6 mbar. After that, the arc chamber was filled up with Ar up to 500 - 800 mbar. 
Within about 5 s the current was increased from level 4 to level 8 and then it was kept 
constant for about 5 - 10 s. Then the melt was sucked to the copper mold. 
 
Figure 2.1: Schematic diagram of the arc melter connected to an in situ suction 
device. Taken from [171, 172]. 
 
2.1.2 Melt spinning 
To produce glassy metallic ribbons, a single-roller melt spinner with a copper wheel 
under Ar atmosphere (Edmund Bühler GmbH) was applied. Pieces of 6 - 8 g of the 
master alloy were put in a quartz crucible with a rectangular slit at its bottom and the 
crucible was held in the chamber (Fig. 2.2). Prior to casting the chamber was evacuated 
to a pressure of 10-5 - 10-6 mbar and after that the chamber was filled up with Ar up to 
500 - 700 mbar. The ejection pressure was kept 200 - 300 mbar higher than the 
chamber pressure. By means of an induction coil, the master alloys were heated to about 
200 K above their liquidus temperature and the copper wheel had a tangential speed of 
41 m/s. The distance between nozzle and wheel was adjusted 0.4 - 0.6 mm. The 
resulting ribbons had an approximately 4 mm width and a thickness of 40 - 60 µm. 
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Figure 2.2: Photograph of a melt 
spinner [172]. 
 
2.2 Structure characterization 
2.2.1 X-ray diffraction 
The phase formation of the alloys studied in this work was characterized by means of 
three types of X-ray machines. An STOE STADI P diffractometer with Mo-K1 radiation 
( = 0.07093187 nm) in a transmission geometry was utilized. Using grinding paper, the 
samples were ground to thicknesses around 100 µm. The lattice parameters of the 
different as-cast rods and annealed ribbons were derived by means of Rietveld 
refinement using the ‘Full Prof’ software.   
In situ measurements were carried out at high-energy beam-line BW5 at the storage ring 
DORIS at HASYLAB, Hamburg, operating with a monochromatic synchrotron radiation of 
100 keV ( = 0.123984 Å). The diffraction experiments were carried out in the Debye-
Scherrer geometry.  
To perform compression tests, a Kammrath & Weiss straining system (Kammrath & 
Weiss GmbH) with a maximum load of 5 kN was utilized. The desired sample dimension 
was 1.5 mm  1.5 mm  3 mm. For this reason, plates with dimensions of 2 mm  10 mm 
 70 mm were prepared by suction casting into a water-cooled copper mold and they 
were machined by spark erosion method. In order to minimize the surface roughness, 
the surfaces of the samples were carefully polished. The compression tests were 
2 Synthesis and characterization methods 
 
27 
 
performed both in load control and track control mode. The samples were illuminated 
for 10 s by a well-collimated incident beam with a cross-section of 0.5 mm × 0.5 mm. A 
loading rate of 0.2 m/sec was applied for the track control test sample. The load 
control test sample was loaded with a rate of 0.5 m/sec up to 975 N (400 MPa). After 
that, load was increased up to ∼ 2300 N in steps of around 240- 280 N (100- 150 MPa) 
and a rate of 1 N/sec. At each step the sample was exposured to the X-ray beam around 
8 minutes and the X-ray data was collected. The measured force-displacement curves 
were corrected for the effect of machine displacement. 
X-ray patterns were collected using a MAR 345 2-D image plate detector carefully 
mounted orthogonally to the X-ray beam. According to calibrating the sample-to-
detector distance D and tilting of the image plate detector with respect to the beam axis, 
LaB6 was used. Finally X-ray patterns were integrated to the Q-space using FIT2D 
software [173].  
2.2.2 Optical microscopy and scanning electron microscopy 
The micrographs were investigated and recorded by means of a Nikon EPIPHOT 300 and 
Zeiss Axiophot microscope (Carl Zeiss AG). Using a Bühler Simpliment 3000 apparatus, 
the samples were mounted in a graphite conductive resin and afterwards, they were 
ground and polished carefully by means of a Struers Rotopol polishing machine. 
Subsequently they were cleaned with ethanol in an ultrasonic apparatus and dried with 
air.  
A Zeiss Gemini 1530 (Carl Zeiss AG) scanning electron microscope was used to study the 
microstructure. The microscope was equipped with an energy-dispersive X-ray (EDX) 
(Bruker AXS) detector as well as secondary (SE), backscattered (BSE) and in-lens 
secondary detectors. Back-scattered detectors depict contrast according to the 
distribution of chemical elements, while secondary detectors reveal topographic 
information. In order to quantify EDX patterns, the Si(Li) EDX detector was connected to 
the QUANTAX software (Bruker AXS). 
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2.2.3 Transmission electron microscopy 
A Philips Tecnai F30 high-resolution transmission electron microscope (TEM) operating 
at 300 kV was employed to investigate the microstructure of the bulk samples and 
ribbons. The TEM specimens were prepared by means of a focused ion beam (FIB) 
milling device. In the case of ribbons, with an initial thickness of around 40 µm, they 
were ground using a GATAN dimple grinding machine. Subsequently, ion milling using a 
GATAN-PIPS ion milling machine was applied in order to remove the mechanical 
distortions introduced by the grinding step.  
2.3 Thermal analysis 
In order to investigate the thermal stability of the alloys, three different differential 
scanning calorimeter (DSC) devices were utilized. All experiments were done under Ar 
atmosphere. A Diamond DSC (Perkin Elmer) device was employed to analyze the glass 
transition and crystallization temperatures. The heating rate was 40 K/min and the 
experiments were done in Al crucibles. The samples were annealed up to 873 K. In order 
to investigate the high temperature phase transformations, the DSC measurements were 
carried out in a DSC 404 (Netzsch), using graphite crucibles at a heating rate of 20 
K/min. A Pyris 1 DSC (Perkin Elmer) device was used to study the martensitic 
transformation of the alloys. The measurements were conducted with a constant heating 
and cooling rate of 5 K/min between 253 K and 573 K. This device was also used to 
examine the effect of thermal cycling on the Cu-Co-Zr alloys with the same temperature 
regime. 
 
2.4 Mechanical characterization 
2.4.1 Microhardness 
Microhardness measurements were carried on the cross-section of the as-cast rods by 
means of a computer-controlled Struers Duramin 5 Vickers hardness machine. An 
applied load of 0.005 Kg by a dwell time of 10 s was selected for indents. 
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2.4.2 Compression test 
The mechanical tests were conducted in an INSTRON 5869. A laser-extensometer 
(Fiedler Optoelektronik GmbH) monitored the strain directly at the sample. For the 
compression tests, the samples were cut to an aspect ratio (height/diameter) of 
approximately 2. To have parallel surfaces, the cross-sections were carefully ground by 
means of grinding papers. A constant strain rate of 110-4 s-1 was applied for the all 
compression tests. 
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3 Phase formation, thermal stability, 
microstructure and martensitic 
transformation of Cu-Co-Zr alloys 
In this chapter the effect of composition and cooling rate on the phase formation, 
thermal stability and microstructure of Cu-Co-Zr alloys is investigated. Cobalt has 
replaced copper atoms up to 20% and by means of melt spinner and suction casting 
device ribbons and rods (ø = 3 mm) are cast, respectively. Afterwards, the effect of 
cobalt addition on the martensitic transformation of Cu-Zr alloys is studied and in the 
end the results of the thermal stability of annealed ribbons, the phase evolution, the 
melting procedure and martensitic transformation of the as-cast Cu50-xCoxZr50 (0  x  
50) rods are summarized in a pseudo-binary cut of the ternary Cu-Co-Zr phase diagram.  
 
3.1 Structure formation and thermal stability of a rapidly quenched      
Cu50-xCoxZr50 melt  
Fig. 3.1 shows the X-ray diffraction patterns of the melt-spun ribbons. The Cu50-xCoxZr50 
alloys with 0 ≤ x ≤ 10 reveal only broad diffraction maxima without any hints for Bragg 
peaks arising from crystalline phase(s), which is a typical of an amorphous structure. 
Meanwhile, in Cu35Co15Zr50 and Cu30Co20Zr50, the amorphous phase coexists with the B2 
(Cu,Co)Zr phase. It means that under the conditions, which we used for sample 
preparation, the formation of the B2 (Cu,Co)Zr phase directly from the liquid cannot be 
avoided during rapid quenching. As Fig. 3.1 depicts the B2 reflections become stronger 
by cobalt addition, hence it seems that the glass-forming ability of the alloys and 
therefore the stability of the glass decreases.  
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Conventional and high-resolution transmission electron microscopy (TEM and HRTEM, 
respectively) was also performed for the as-cast Cu40Co10Zr50 ribbon. Fig. 3.2(a) depicts 
a TEM micrograph of the Cu40Co10Zr50 alloy and the inset in this figure represents the 
selected area electron diffraction (SAED) pattern of the whole region. The typical halo 
indicates a glassy structure; however, at a higher magnification (Fig. 3.2(b)), some B2 
nanocrystals are detectable in the amorphous phase (the inset of Fig. 3.2(b)). 
Nevertheless, the volume fraction of the nanocrystals is too small to be revealed by the 
X-ray investigations. It can be concluded that under the conditions used for melt 
spinning, Co = 10 is the limit to get fully amorphous structure [174]. 
 
Figure 3.1: X-ray diffraction patterns of melt-spun Cu50-xCoxZr50 (0  x  20 at. % Co) 
ribbons, thickness ~ 40 m. 
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Figure 3.2: a) TEM micrograph of Cu40Co10Zr50, the inset represents the SAED pattern of 
the whole region, b) HRTEM image of this composition. The inset shows a nanocrystal 
within the amorphous matrix. 
 
The DSC traces obtained for Cu50-xCoxZr50 (x = 0, 0.5, 2, 4 and 5) are presented in Fig. 
3.3(a) (for clarity only selected results are shown here) and the data extracted from the 
DSC curves are listed in Table 3.1. These traces are characterized by an endothermic 
event related to the glass transition ( gT ), which is followed by a pronounced exothermic 
crystallization peak ( xT ), in a good agreement with the existence of the amorphous state 
as detected by X-ray. An endothermic peak (871-992 K) after crystallization and prior to 
melting can be seen in the DSC traces of the Cu50-xCoxZr50 alloys with x ≤ 4 at.% upon 
heating (
s
BT 2 )(Table 3.1). These temperatures are indicated by the arrows in Fig. 3.3(a). 
The X-ray patterns of those samples, which were annealed at temperatures below and 
above this endothermic peak, indicate the eutectoid transformation of Cu10Zr7 + CuZr2 to 
CuZr. Fig. 3.3(b) represents the X-ray patterns of the melt-spun Cu46Co4Zr50 ribbon, 
which was heated up to 823 K (above crystallization and below endothermic peak) and 
1023 K (above endothermic peak).  
For all Cu-Co-Zr alloys investigated in this work, crystallization from the amorphous 
state occurs at temperatures around 712 – 729 K. The X-ray diffraction patterns of the 
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ribbons after the crystallization event reveal that in compositions with maximum 4 at.% 
of Co, the equilibrium phases at room temperature are Cu10Zr7 + CuZr2 and Co appears 
to be dissolved in these phases (Fig. 3.3(c)). These results indicate that in the Cu50-
xCoxZr50 (0 ≤ x ≤ 4) alloys, the phase evolution is identical to the one found in Cu50Zr50 
[121]. However, when 5 at.% of Cu or more is substituted by Co, the low-temperature 
phases, Cu10Zr7 and CuZr2, are not anymore the stable crystalline phases, but the B2 
(Cu,Co)Zr phase becomes the stable phase at room temperature. Fig. 3.3(c) shows the X-
ray diffraction patterns of Cu50-xCoxZr50 (x = 0, 2, 4, 5, 10 and 20) ribbons after the 
crystallization event. 
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Figure 3.3: a) DSC curves of the melt-spun Cu50-xCoxZr50 (x = 0, 0.5, 2, 4 and 5) ribbons, at a 
heating rate of 20 K/min, b) X-ray diffraction patterns of the Cu46Co4Zr50 ribbon annealed 
at 823 K and 1073 K, c) X-ray diffraction patterns of Cu50-xCoxZr50 (x = 0, 2, 4, 5, 10 and 20) 
ribbons after the crystallization event. 
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The values of the onset temperature of the glass transition ( gT ), the crystallization 
temperature ( xT ), the supercooled liquid region ( gxx TTT  ), the onset temperature 
of the eutectoid transformation ( 2BT ), the onset temperature of melting ( mT ) and the 
liquidus temperatures (
LT ) of all alloys are summarized in Table 1. The results obtained 
for Cu50Zr50 are in good agreement with the values published in [175-177]. In order to 
find out the effect of Co on the glass-forming ability of the Cu-Co-Zr system three 
additional parameters, namely Lgrg TTT /  [178] , )/( Lgx TTT   [179] and 
)/)(()/( xgxLg TTTTT   [180], which provide an estimate of the glass-forming ability, 
were calculated from the DSC data (Table 3.1).  
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Table 3.1: Compositional dependence of the onset glass transition temperature, gT , the onset temperature of crystallization, xT , the 
supercooled liquid region, gxx TTT  , the onset temperature of the eutectoid transformation, 
s
BT 2 , the onset melting temperature, mT , 
the onset temperature of the liquidus temperature, LT , the reduced glass temperature, rgT  [178],   [179] and   [180] parameters of the 
melt-spun Cu50-xCoxZr50 (0  x  20) ribbons. 
 
gT  (K) ± 3 xT  (K) ± 2 xT  (K) ± 3.6 
s
BT 2  (K) ± 4 mT  (K) ± 2 LT  (K) ± 5 rg
T ± 0.003  ± 0.002  ± 0.006 
Cu50Zr50 682 727 45 992 1208 1208 0.565 0.385 0.626 
Cu49.5Co0.5Zr50 685 729 44 971 1183 1228 0.558 0.381 0.618 
Cu48Co2Zr50 684 730 46 926 1187 1249 0.548 0.378 0.611 
Cu46Co4Zr50 694 744 50 871 1188 1287 0.539 0.376 0.606 
Cu45Co5Zr50 684 729 45 - 1191 1298 0.527 0.368 0.589 
Cu42.5Co7.5Zr50 695 732 37 - 1194 1300 0.535 0.367 0.585 
Cu40Co10Zr50 709 742 33 - 1203 1375 0.516 0.356 0.560 
Cu35Co15Zr50 711 733 22 - 1202 1435 0.495 0.342 0.525 
Cu30Co20Zr50 714 733 19 - 1229 1475 0.484 0.335 0.510 
 
 
3 Phase formation, thermal stability, microstructure and martensitic transformation of Cu-Co-Zr alloys      
 
37 
 
At high cooling rates (i.e. for ribbons), the CuZr melt solidifies into an amorphous phase 
and nucleation and growth of any crystalline phase is suppressed. This matter is clearly 
shown by the X-ray diffraction patterns of Cu50-xCoxZr50 (0 ≤ x ≤ 10) (Fig. 3.1). The Co-Zr 
phase diagram shows that for Co50Zr50, the B2 CoZr nucleates from the melt and 
solidifies during cooling [121]. This phase is the only stable phase down to room 
temperature, while B2 CuZr is stable at temperatures above 988 K [121]. Therefore, by 
adding large amounts of Co (15 and 20 at.%) to the Cu-Zr system, B2 (Cu,Co)Zr nucleates 
from the melt and solidifies simultaneously with the amorphous phase. Co increases the 
thermal stability of B2 (Cu,Co)Zr and decreases the rgT ,   and  . The X-ray diffraction 
patterns of the melt-spun Cu35Co15Zr50 and Cu30Co20Zr50 ribbons prove that the B2 
(Cu,Co)Zr phase coexists with the amorphous phase.  
In order to have a high GFA, a high thermal stability of the supercooled liquid is 
generally required in the multicomponent alloys, which satisfy the three empirical rules 
presented by Inoue [181]. The width of the supercooled liquid region is a sign of the 
stability of the supercooled liquid against crystallization [182]. However, it was found 
that xT  alone cannot reflect well the relative GFA for metallic glasses, and GFA of 
metallic glasses are determined with parameters like rgT  and  [179], too. Comparing 
the last two parameters, the -parameter has a stronger correlation with GFA than rgT , 
while this parameter considers both criteria as high xT  and low Lg TT   values resulting 
a high -parameter. A high xT  and a low gT can be defined as a high xT , too. Therefore 
one can say -parameter somehow deals with xT  and Lgrg TTT /  criteria 
simultaneously [182]. The -parameter ( )/)(()/( xgxLg TTTTT  ) demonstrates a 
better correlation with the GFA for different glass-forming systems including metallic 
glasses, oxide glasses and cryprotectants [180]. The reason is that this parameter 
considers all related factors for the liquid phase stability and crystallization resistance 
during glass formation [180]. 
3 Phase formation, thermal stability, microstructure and martensitic transformation of Cu-Co-Zr alloys      
 
38 
 
               
 
 
Figure 3.4: a) Influence of Co-content on Tg, Tx and ∆Tx parameters, b) variation of Trg, -
and -parameters with changing composition. 
 
As Table 3.1 depicts there is a scatter in the value of xT in the investigated alloys, yet 
this value has a decreasing trend by increasing Co content (Fig. 3.4(a)) and it shows that 
Co is affecting the GFA of the system. All the calculated GFA parameters for the studied 
alloys in this work decrease by increasing the cobalt content, which means that GFA is 
decreasing, too. Fig. 3.4 depicts the effect of cobalt on glass transition and crystallization 
temperatures and supercooled liquid region (a), rgT ,   and  (b) parameters. 
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Recently a new parameter has been introduced to predict the formation of Cu-Zr-based 
bulk metallic glass composites (BMGC), which can be related to the GFA of the alloys 
also. It is proposed that L
f
B TTK /2 , where 
f
BT 2  is the austenite finish temperature in the 
eutectoid reaction CuZr  Cu10Zr7 + CuZr2 and LT  is the liquidus temperature of the 
alloy upon heating [183]. The criterion for K is: (1) when K is lower than 0.7, BMGC with 
small sizes or fully crystalline samples can be produced; (2) when K is in the range of 
0.7-0.94, BMGC with moderate dimensions is obtained; (3) if K value is above 0.94, the 
Cu-Zr-based BMGC with B2 CuZr or martensitic phases can be produced in large 
dimensions. Regarding the DSC results, the K value of the most of the investigated 
compositions belongs to the first group. Furthermore Co has a strong effect on 
decreasing K value from 0.84 to 0.49 for x = 0 to x = 20, respectively (Fig. 3.5). It means 
that the addition of Co to Cu-Zr system decreases the GFA of the alloys and stabilizes the 
B2 phase. Co shifts the eutectoid reaction temperatures (e.g. 
f
BT 2  ) to lower values and 
for x = 5, the B2 phase directly crystallizes from the glass. On the other hand Co 
influences the melting temperature of the alloys and obviously increases it.  
After the crystallization event, the eutectoid reaction (Cu10Zr7 + CuZr2  CuZr) occurs in 
the as-cast Cu50-xCoxZr50 (0 ≤ x ≤ 4) alloys upon heating (Fig. 3.6,
s
BT 2 ). The results 
obtained from the DSC curves illustrate that the addition of Co alters the transformation 
characteristics: It shifts the transformation temperature to lower values and broadens 
the endothermic peak till it finally vanishes for Cu45Co5Zr50. Consequently, the 
temperature range of existence of Cu10Zr7 and CuZr2 gradually decreases and the B2 
phase forms at temperatures lower than 988 K [121]. The onset temperatures (
s
BT 2 ) of 
Cu50-xCoxZr50         (0 ≤ x ≤ 4) are listed in Table 3.1 and plotted as a function of the Co 
content in Fig. 3.6. 
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Figure 3.5: The value of K 
for Cu50-xCoxZr50 (0  x  20) 
alloys.  
  
 
 
 
 
 
 
 
 
Figure. 3.6: Eutectoid start  
(𝑇𝐵2
𝑠 ) and finish (𝑇𝐵2
𝑓
) 
temperatures as a function of 
Co. 
Fig. 3.7 is a schematic CCT (continuous cooling transformation) diagram for the Cu50-
xCoxZr50 alloys, which illustrates the effect of the cooling rate and Co content (0 ≤ x ≤ 4) 
on the phase formation of this ternary system. There are six phases in the diagram, i.e. 
the supercooled liquid, the glassy phase, B2 (Cu,Co)Zr, the low-temperature equilibrium 
phases (Cu10Zr7 and CuZr2) and the monoclinic (Cu,Co)Zr phase. The last phase is the 
martensitic structure of (Cu,Co)Zr, which is formed under martensitic transformation 
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and it will be discussed in the section 3.4. At low cooling rates, R (𝑅 = (
𝜕𝑇
𝜕𝑡
)), the B2 
phase, which crystallizes from the melt, decomposes into the two low-temperature 
equilibrium phases, Cu10Zr7 + CuZr2 [121]. In order to suppress the decomposition of B2 
to Cu10Zr7 + CuZr2, the cooling rate should be at least equal to RB2. This phase transform 
to the martensite phase under cooling. The volume fraction of the transformed phase 
depends on the Ms (martensite start temperature) of the composition and cooling rate. 
To obtain a fully amorphous structure the cooling rate has to be high enough to bypass 
the B2 nose in the CCT diagram (i.e., the critical cooling rate, RC). As the results show, Co 
increases the thermal stability range of B2 phase and shifts the nose of the diagram to 
the left side. On the other hand, Co shifts the eutectoid reaction B2 → Cu10Zr7 + CuZr2 to 
the lower temperatures and reduces the thermal stability range of equilibrium phases. 
So with 5 % cobalt this region vanishes completely. 
 
 
Figure 3.7: A schematic CCT diagram of Cu50-xCoxZr50 alloys (0 ≤ x ≤ 4) during quenching 
process. RB2 is the critical cooling rate to suppress the decomposition of B2 to Cu10Zr7 + 
CuZr2 and RC is the critical cooling rate to obtain a fully amorphous structure, Ms is the 
martensite start temperature. 
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3.2. Phase formation in the as-cast Cu50-xCoxZr50 rods 
The effect of Co content on the phase formation of the Cu50-xCoxZr50 (0  x  20) rods 
upon cooling is shown in Fig. 3.8. The results reveal that an increase the Co content up to 
5 at.%, leads to the formation of monoclinic (Cu,Co)Zr, as the main constituent phase 
next to Cu10Zr7 and CuZr2 [184]. Applying a low cooling rate to a CuZr melt, results in the 
formation of the low-temperature equilibrium phases, Cu10Zr7 and CuZr2, after the 
eutectoid decomposition of the high-temperature B2 phase. When cooling rate increases, 
the decomposition of the B2 phase is suppressed and the monoclinic structure is the 
main crystallographic structure for the Cu50Zr50 composition in the as-cast state [157, 
158]. Apparently in the system investigated here, the applied cooling rate is relatively 
high and decomposition of B2 (Cu,Co)Zr to the low-temperature phases is suppressed. 
Therefore for the low Co-content compositions (0  x  4), the major amount of B2 
(Cu,Co)Zr transforms to martensite during cooling. The diffraction pattern of the as-cast 
Cu46Co4Zr50 alloy does not contain any reflections of the B2 (Cu,Co)Zr phase (Fig. 3.8 
(b)). At 5 at.% of Co, a peak related to B2 (Cu,Co)Zr phase appears and gains in intensity 
while the intensity of peaks, which belong to the two low-temperature equilibrium 
phases, drops. In Fig. 3.8(b) the diffraction patterns in the 2 range of 15˚ to 21˚ are 
shown in order to demonstrate the differences in the phase formation caused by the 
substitution of Cu by Co. This figure indicates that exactly at 5 at.% Co, the B2 peak 
begins to appear and it shifts to higher 2 values with increasing Co content. A shift to 
higher 2 values represents a decrease in the lattice constants of the phase, which is 
resultant from the smaller atomic radius of Co compared to Cu atomic radius [185].  
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Figure 3.8: a) X-ray patterns of the as-cast Cu50-xCoxZr50 (x = 0, 2, 4, 5, 7.5, 10, 15 and 20) 
rods, ø = 3 mm, b) the diffraction patterns in the range of 15˚ < 2 < 21˚.   
When the Co-content is increased to 7.5 at.%, the B2 (Cu,Co)Zr and monoclinic (Cu,Co)Zr 
phases coexist, while no peaks are related to Cu10Zr7 or CuZr2. For high Co contents (x ≥ 
10), the B2 (Cu,Co)Zr phase is the main phase at room temperature in the as-cast rods, 
which crystallizes directly from the melt. As it will be discussed in section 3.4, the B2 
CuZr transforms to monoclinic CuZr at lower temperatures during cooling and a 
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martensitic structure exists at RT. Moreover the effect of cobalt on the martensitic 
transformation (austenite → martensite) of the alloys will be considered. The results 
show that for compositions with x ≥ 10, the martensite start temperature is below room 
temperature and consequently the B2 phase is the stable phase at room temperature 
[186]. The increase of thermal stability range of B2 phase and consequently decrease of 
martensite thermal stability range is due to the fact that the congruently melting CoZr 
compound with a B2 structure has a large thermal stability from room temperature up 
to melting temperature [121]. Substituting Cu atoms by Co atoms increases the stability 
range of the B2 phase and as a result, at the cobalt content of 10 at.%, this phase 
becomes the equilibrium phase at room temperature.  
 
3.3. Microstructure formation in the as-cast Cu50-xCoxZr50 rods 
 The microstructure of the compositions with different amounts of cobalt was 
investigated by OM, SEM and EDX maps. Additionally TEM has been carried out for 
selected compositions. The results show that the microstructure of the alloys depend on 
the alloy composition. In order to keep the simplicity of discussion, the microstructure 
of two compositions from the low Co-content alloys (x = 2 and 5) as well as two 
compositions from the high Co-content alloys (x = 10 and 20) will be considered here. 
The as-cast rods (ø = 3 mm) have a polycrystalline structure and the SEM and optical 
microscopy investigations demonstrate a transition in the grain size from outside to the 
inside, which is attributed to different cooling rates from the surface to the center of a 
rod.  
Fig. 3.9 displays the microstructure of the Cu48Co2Zr50 alloy (ø = 3 mm). As conferred 
previously, next to Cu10Zr7 and CuZr2, the monoclinic (Cu,Co)Zr phase is the dominant 
phase in the low Co-content compositions. Fig. 3.9(a) reveals the optical micrograph of 
this alloy with a clear martensitic structure. 
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Figure 3.9: Microstructure of Cu48Co2Zr50 as-cast rod, ø = 3 mm, a) optical and b) SEM 
images of polished surface, taken from the center c) SEM micrograph of the as-cast 
superficial surface, which represents martensite laths and plates, the inset depicts a higher 
magnification of the red-dashed rectangular area, d) SEM image of the as-cast surface, 
which was performed for EDX map and line analysis, taken from the center e) the EDX map 
of the blue-dashed square shown in figure (d), the map of constituent elements (Cu, Co and 
Zr)are illustrated in red, blue and green, respectively, f) the line scan analysis of the red 
arrow in figure (d). 
  
The SEM micrograph of this composition is shown in Fig. 3.9(b). The martensitic 
structure can be a result of the extensive shear displacement of the B2 (Cu,Co)Zr (parent 
phase) during martensitic transformation and a lath- or plate-shaped morphology is 
expected [115, 156]. The microstructure is taken from a polished surface of the as-cast 
alloy, yet it is possible to see the morphology of the martensite from as-cast unpolished 
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surface (Fig. 3.9(c)). This micrograph was captured from the superficial surface of the 
rod. Some martensite laths and plates are parallel to each other and they make colonies 
of martensite laths or plates, which are arranged with different angles and represent the 
shear nature of MT [187]. The inset of Fig. 3.9(c) gives a higher magnification of the red-
dash-line rectangular area. As depicted in Fig. 3.9(d) martensite phase is surrounded 
with some phases at grain boundaries. EDX map and line scan results show that the 
large black areas at grain boundaries are a Zr-rich phase. The X-ray results showed that 
this phase is CuZr2 (Fig. 3.9), and the small black ‘dots’ are a Cu-rich phase, Cu10Zr7 
(refer to Fig. 3.8). Fig. 3.9(e) illustrates the EDX map results of the blue-dash-line square 
represented in Fig. 3.9(c). As the results illustrate, Zr is distributed equally in the 
measured area, while the large black phase is a Cu- and Co-poor phase. Line scan 
analysis of the red arrow drawn in Fig. 3.9(d) depicts a Zr-rich phase for the large black 
areas (Fig. 3.9(f)). 
The microstructure of the as-cast Cu45Co5Zr50 alloy is shown in Fig. 3.10. According to 
the X-ray diffraction patterns, an increase in the Co-content to 5 at.% results in the 
emergence of an extra phase that is the B2 (Cu,Co)Zr phase. Fig. 3.10(a) depicts the 
optical micrograph of Cu45Co5Zr50 alloy. This micrograph was taken from an area that 
shows the dendritic structure (B2) coexists with the martensitic structure of (Cu,Co)Zr. 
The SEM picture clearly shows the martensitic structure of the alloy (Fig. 3.10(b)). As 
stated before, this structure is a product of the diffusionless martensitic transformation 
of the high-temperature B2 phase under relatively rapid cooling. The inset represents 
the microstructure of the outer part of the as-cast rod. Since the martensitic 
transformation is thermally assisted, and on the other hand the cooling rate decreases 
from the edge to the center of the rod, a higher cooling rate at the edge leads to the 
presence of larger martensite plates compared to the center of a rod. Fig. 3.10(c) is taken 
from the same area as Fig. 3.10(b) showing the grains of B2 phase and their grain 
boundaries before MT.   
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Figure 3.10: Microstructure of Cu45Co5Zr50 as-cast rod, ø = 3 mm, a) OM of polished 
surface, which represents the presence of B2 phase nearby the martensitic structure, b) 
SEM image of the polished surface, consists of martensite phase, the inset represents the 
outer edge, c) SEM image of the same area, which shows the grains of the parent phase, B2. 
The B2 phase was transformed to martensite due to rapid cooling during suction casting, 
d) elemental mapping results. The maps of constituent elements (Cu, Co and Zr) are 
illustrated in red, blue and green, respectively, e) and f) TEM micrographs of the 
martensitic structure illustrating the high density of twins. 
 
EDX analysis reveals a uniform distribution of Zr, while cobalt (5 at.%) has a preference 
of dissolving in B2 grains rather than in the equilibrium phases (Fig. 3.10(d)). Obviously 
there is a Cu-rich phase (Cu10Zr7) at grain boundaries. This was proved with line scan 
and point analysis technique (not shown here). These results confirm the results 
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obtained by X-ray diffraction analysis. The TEM investigation of the as-cast Cu45Co5Zr50 
alloy (Fig. 3.10(e)) further corroborates the presence of a martensitic structure. A high 
density of lattice twins exists within the martensite laths that can be better seen in the 
TEM micrograph of Fig. 3.10(f). 
As discussed before for high Co contents (x ≥ 10), the B2 (Cu,Co)Zr phase is the 
dominant phase at room temperature in the as-cast rods. Yet, in some of these 
compositions the martensite reflections are detectable next to the diffraction peaks of 
B2 phase. The existence of this peak depends on the cooling. Fig. 3.11(a) depicts the 
optical micrograph of the Cu40Co10Zr50 as-cast rod, taken from the center of the sample. 
The B2 (Cu,Co)Zr phase has a dendritic structure. An SEM micrograph of the B2 phase is 
shown in Fig. 3.11(b). Elemental mapping results reveal that Co is mostly dissolved in B2 
phase rather than grain boundaries that are rich in Cu (Fig. 3.11(c)). The results of point 
analysis (Fig. 3.11(d)) are summarized in Table 3.2. 
Table 3.2: EDX analysis of the Cu40Co10Zr50 as-cast rod, ø = 3 mm. 
Point 
Cu±1 Co±1 Zr±1 Identified 
phase  [at. %]  
P1 33 8 59 (Cu,Co)Zr 
P2 34 6 60 (Cu,Co)Zr 
P3 36 8 56 (Cu,Co)Zr 
P4 66 1 33 Cu10Zr7 
P5 70 1 29 Cu10Zr7 
P6 58 1 41 Cu10Zr7 
P7 58 1 41 Cu10Zr7 
P8 61 1 38 Cu10Zr7 
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Figure 3.11: Microstructure of the Cu40Co10Zr50 as-cast rod, ø = 3 mm, a) OM and b) SEM 
image of polished surface, which represents the B2 dendrites, c) EDX map of figure (b). The 
map of constituent elements (Cu, Co, Cu-Co and Zr) are illustrated in red, blue, purple and 
green, respectively, d) point analysis of the B2 grains and the phases at the grain 
boundaries. 
 
The microstructure of the as-cast Cu30Co20Zr50 rod is shown in Fig. 3.12. The optical 
micrograph and the SEM picture taken from the center of the rod are shown in Fig. 3.12 
(a) and (b), respectively. Similar to the microstructure of the as-cast Cu40Co10Zr50 alloy, 
the microstructure consists of B2 dendrites. In some regions, there is a martensitic 
structure surrounded by B2 grains. The inset of Fig. 3.12(b) reveals clearly the 
martensite laths. The EDX analysis, as well as line scan analysis (not shown here), 
reveals that the black region in the inset of Fig. 3.12(b) is a Zr-rich phase.  
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Figure 3.12: Microstructure of Cu30Co20Zr50 as-cast rod, ø = 3 mm, a) OM of polished 
surface, which represents the of B2 dendrites, b) SEM image of the polished surface, the 
inset shows a B2 grain, which has transformed to martensite during rapid cooling.  
 
 
3.4 Martensitic transformation and thermal cycling of Cu-Co-Zr 
alloys 
Fig. 3.13(a and b) shows the heating and cooling curves of the Cu50-xZr50Cox rods (x = 0, 
0.5, 1, 2, 3, 4 and 5) (ø = 3 mm), respectively. For the sake of an easier comparison of all 
samples, all DSC curves of the heating process (from 313 to 573 K) are plotted together, 
and all DSC curves of the cooling process (from 573 to 253 K) are plotted together. The 
DSC curves of Fig. 3.13 show an obvious martensitic transformation. For Cu50Zr50 the 
austenite start (As) and the austenite finish (Af) temperatures are around 528 ± 5 and 
553 ± 3 K, correspondingly. The martensite start (Ms) and martensite finish (Mf) 
temperatures of this composition are 448 ± 3 and 410 ± 7 K. Cobalt addition to the 
binary Cu-Zr system shifts the martensitic transformation temperatures to lower values 
(see Table 3.3 ). For example the addition of 2 at.% cobalt shifts As and Af to 485 and 503 
K, respectively, while the Ms and Mf drop to 410 and 387 K, correspondingly. It means 
that by adding cobalt to the binary Cu-Zr system, the austenite will be stable in a wider 
temperature range.  
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Figure 3.13: DSC curves of Cu50-xCoxZr50 rods (0  x  5) (ø = 3 mm) upon a) heating, b) 
cooling. Heating and cooling rate 5 K/min. 
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Table 3.3: Compositional dependence of the onset temperatures of the martensite 
transformation in the as-cast Cu50-xCoxZr50 (0  x  5) rods. 
Composition As ± 5 (K) Af ± 3 (K) Ms ± 3 (K) Mf ± 7 (K) 
Cu50Zr50 528 553 448 410 
Cu49.5Co0.5Zr50 516 531 440 397 
Cu49Co1Zr50 510 524 428 395 
Cu48Co2Zr50 485 503 410 387 
Cu47Co3Zr50 470 482 396 360 
Cu46Co4Zr50 431 457 375 343 
Cu45Co5Zr50 419 434 355 338 
 
 
 
In order to investigate the reversibility of the transformation X-ray analysis were done 
after DSC. The results (not shown here) show that, the intensity of martensite peaks 
drop and equilibrium phases gain in intensity. This is due to the eutectoid 
decomposition of B2/ B19’ (Cu,Co)Zr phase to Cu10Zr7 and CuZr2 phases. Fig. 3.14 shows 
the effect of cobalt on martensite finish and austenite finish temperatures in the as-cast 
Cu50-xZr50Cox (x = 0, 0.5, 1, 2, 3, 4 and 5) alloys. As the results demonstrate, Co linearly 
decreases the transformation temperatures and increases the thermal stability range of 
the B2 phase.  
As discussed before, B2 CuZr is only stable at temperatures above 988 K, while the B2 
CoZr has a thermal stability range from room temperature to melting temperature. 
Replacing Cu by Co atoms increases the thermodynamic stability of the B2 (Cu,Co)Zr 
phase. At temperatures below the martensite finish temperature (Mf), CuZr has a 
martensitic structure, while above austenite finish temperature (Af), B2 phase is stable. 
Extrapolating the data derived from DSC curves revealed that for a composition with 
around 8 ± 0.1 at.% Co martensite start temperature will be around room temperature 
and thus the B2 phase will be stable from RT to melting temperature. This is in a good 
agreement with the X-ray results of the as-cast rods. As Fig. 3.8 depicts, Cu42.5Co7.5Zr50 
alloy consists of B2 ans B19’ phases, while Cu40Co10Zr50 alloy only consists of B2 
(Cu,Co)Zr phase. 
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Figure 3.14: Martensite 
finish (Mf) and austenite 
finish (Af) temperatures of 
MT as a function of Co in 
the as-cast Cu50-xCoxZr50 (0 
 x  5), adopted from 
[186]. 
 
In order to investigate the effect of thermal cycling on Cu50-xCox Zr50 (x = 2, 3, 4 & 5 at.% 
Co) rods (ø = 3 mm), 3 thermal cycles were performed on the samples. Fig. 3.15 shows 
the thermal cycling curves of Cu47Co3Zr50 as an example and all the martensitic 
transformation temperatures of the compositions are summarized in Table 3.4. As Fig. 
3.15 reveals in the reverse transformation it is not easy to determine the martensite 
finish temperature. This matter is more pronounced by increasing the cobalt content 
and also cycling number.  It is observed that there are some changes in the forward and 
reverse transformation curves in all of the samples. In fact by increasing the number of 
cycles, the transformation temperatures shift. As and Af increase by increasing the 
number of cycles, while Ms and Mf decrease. This effect was also reported in [153, 188, 
189]. They have all attributed this effect to the changes in the structure of the parent 
phases (here the B2 phase). Indeed the cyclic repetition of the transformation imposes a 
lot of lattice defects like dislocations and stacking faults to the structure and changes the 
Gibbs free energy state of the parent phase. Thus the amount of the energy needed to 
reach to the activation state for the beginning of the transformation will differ. This 
change shows itself in the form of observed shifts in transformation temperatures. In 
this work only three thermal cycles were performed, however it is expected that by 
increasing the number of cycles, the temperatures will not change considerably after a 
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certain number of cycles due to the saturation limit of the crystals for defects [190]. 
Hence the Gibbs free energy level will reach to a certain value and will not change. As a 
consequence, transformation temperatures will not vary considerably.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Thermal 
cycling of Cu47Co3Zr50 
composition. Heating and 
cooling rate 5 K/min. 
 
Table 3.4: Martensitic transformation temperatures during thermal cycling for  
Cu50-xCoxZr50 (x=2, 3, 4 and 5 at.% Co). 
Composition No. Of Cycle As ± 5 (K) Af ± 3 (K) Ms ± 3 (K) Mf ± 7 (K) 
      
Cu48Co2Zr50 1 485 503 410 387 
 2 510 519 392 376 
 3 525 536 385 364 
      
Cu47Co3Zr50 1 470 482 396 360 
 2 491 498 382 348 
 3 504 511.5 368 - 
      
Cu46Co4Zr50 1 431 457 375 343 
 2 446 470 359 - 
 3 455 481 345 - 
      
Cu45Co5Zr50 1 419 434 355 338 
 2 430 446 344 - 
 3 437 455 335 - 
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- (Cu,Co)Zr pseudo-binary phase diagram  
In this part of the work, all the results concerning the thermal stability of the annealed 
ribbons, the phase evolution, the melting temperatures and martensitic transformation 
temperature (Mf) of the as-cast Cu50-xCoxZr50 (0  x  50) rods are summarized in a 
pseudo-binary cut of the ternary Cu-Co-Zr phase diagram (Fig. 3.16(a)). 
The equilibrium phases for Cu50Zr50 and Co50Zr50 at room temperature are Cu10Zr7 + 
CuZr2 and B2 Co50Zr50, respectively. The crystallization of the melt-spun ribbons shows 
that in those compositions with maximum 4 at.% Co, the equilibrium phases at room 
temperature are Cu10Zr7 and CuZr2 instead, and after replacing 5 at.% Co to the system, 
the (Cu,Co)Zr phase with a simple cubic structure crystallizes from the amorphous state. 
The eutectoid reaction, CuZr  Cu10Zr7 + CuZr2, occurs at 988 K for Cu50Zr50 under 
equilibrium conditions. Co affects the eutectoid temperature and shifts it to lower values 
(see Table 3.1) and this reaction occurs in the alloys with maximum 4 at.% Co. The 
liquidus and solidus temperatures of alloys were derived from DSC measurements and 
are plotted as a function of the Co content. The melting temperatures of Cu50Zr50 and 
Co50Zr50 phases are extracted from the respective phase diagrams [121]. For a better 
clarity the Cu-rich side of the pseudo-binary diagram is enlarged in Fig. 3.16(b). 
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Figure 3.16: a) Pseudo-binary section of Cu50_xCoxZr50 (0 ≤ x ≤ 50), b) the enlarged 
figure of the Cu-rich side of the pseudo-binary phase diagram, which also shows the 
effect of Co on martensitic transformation of (Cu,Co)Zr phase. 
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- Effect of Co additions on the lattice parameter of the Cu -Co-Zr 
alloys 
The X-ray diffraction results of the annealed ribbons and also of the as-cast rods indicate 
that Co substitutes copper atoms and forms a solid solution B2 (Cu,Co)Zr. Cu can be 
substituted from 0 up to 100 % by Co, and thus there is a single-phase region connecting 
the isostructural Cu50Zr50 and Co50Zr50 compounds. Although Co and Cu are neighbors in 
the periodic table, there is a small difference between their atomic radii. The atomic 
radius of Co (125 pm) [185] is smaller than that of Cu (128 pm) and clearly by 
substituting Cu by Co the lattice parameter of the solid solution is expected to decrease. 
Vegard’s law [191] states that in a ternary 𝐴𝐵(1−𝑥)𝐶𝑥 composition, the lattice parameter 
(a) of any alloy is equal to 𝑎𝐴𝐵1−𝑥𝐶𝑥 = (1 − 𝑥) ∗ 𝑎𝐴𝐵 + 𝑥 ∗ 𝑎𝐴𝐶 , provided that there is full 
solubility and not any formation of new intermetallic phases. In this equation AB and AC 
are the compound with the same crystal structure before mixing, 𝑎𝐴𝐵1−𝑥𝐶𝑥  is the lattice 
parameter of the solution, 𝑎𝐴𝐵 and 𝑎𝐴𝐶  are the lattice parameters of the compounds 
before mixing, and x is the atomic fraction of AC in the solution. The validity of Vegard’s 
law was tested for the present Cu-Co-Zr system and the results of the calculation are 
plotted in Fig. 3.17.  
Rietveld refinement was performed to obtain the structure parameters of the annealed 
ribbons and the as-cast rods of the Cu50-xCoxZr50 (0  x  50) alloys. The calculated lattice 
parameters of alloys are plotted as a function of the Co content in Fig. 3.17. The lattice 
parameter of B2 Cu50Zr50  was 
5050ZrCu
a = 0.3262 nm [115] and 
5050ZrCu
a = 0.32526 nm [116] 
and the lattice parameter of B2 Co50Zr50,
5050ZrCo
a = 0.31954 nm, was taken from [192] and 
also reproduced in this work. As Fig. 3.17 shows, the results imply that Vegard’s law 
applies here. 
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Figure 3.17: Lattice parameters of the B2 phase in Cu50-xCoxZr50 (0  x  50) as determined 
from the as-cast rods and the annealed ribbons. The values for the lattice parameter of 
Cu50Zr50 and Co50Zr50 are taken from [115, 116] and [192], respectively. 
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4 Phase formation, thermal stability 
and microstructure of Cu-Co-Zr-Al 
alloys 
 
In chapter 3 the phase formation, thermal stability, microstructure and martensitic 
transformation of Cu50-xCoxZr50 (x = 0...20) alloys were investigated. Here, the effect of 
composition and cooling rate on the phase formation, thermal stability and 
microstructure of Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys will be discussed. Using the 
melt spinner and the suction casting device, the ribbons and rods (ø = 1.5, 2, 3 and 4 
mm) are cast, respectively.    
 
4.1. Phase formation and thermal stability of rapidly quenched                   
Cu50-xCoxZr45Al5 melt 
Fig. 4.1(a) shows the X-ray diffraction patterns of the melt-spun Cu50-xCoxZr45Al5 (x = 2, 
5, 10 and 20) ribbons, which depict only broad diffraction maxima without any hints for 
Bragg peaks arising from crystalline phase.  This is a typical of an amorphous structure. 
Fig. 4.1(b) reveals the DSC traces obtained for Cu50-xCoxZr45Al5 alloys. These traces are 
characterized by a weak endothermic event related to the glass transition, which is 
followed by a pronounced exothermic crystallization peak. The DSC results are in a good 
agreement with the existence of the amorphous state as shown by X-ray. The DSC trace 
of Cu48Co2Zr45Al5 and Cu45Co5Zr45Al5 illustrate an extra endothermic peak, at 924 K and 
851 K, respectively, after crystallization and prior to melting. The inset of Fig. 4.1(b) 
depicts this event for Cu48Co2Zr45Al5 alloy. This endothermic peak is related to the 
eutectoid transformation of Cu10Zr7 + CuZr2 to CuZr. This matter is discussed afterwards.  
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Figure 4.1: a) X-ray diffraction patterns of the melt-spun Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 
20 Co) ribbons. b) DSC curves of the melt-spun Cu50-xCoxZr45Al5 ribbons, at a heating rate of 
40 K/min, the inset represents the eutectoid reaction of Cu48Co2Zr45Al5 alloy, heated upto 
melt, at a heating rate of 40 K/min. 
 
The values of 𝑇𝑔, 𝑇𝑥, ∆𝑇, 𝑇𝐵2, 𝑇𝑚 and 𝑇𝐿 of Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys are 
summarized in Table 4.1. Additionally the effect of Al on the values of 𝑇𝑟𝑔 [178],   
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[179] and   [180] parameters, which provide an estimate of the glass-forming ability, 
is calculated and listed in Table 4.1. Fig. 4.2(a) shows the effect of cobalt on glass 
transition and crystallization temperatures of Cu-Zr and Cu-Zr-Al alloys.  
As the Table 4.1 illustrates the addition of cobalt to Cu-Zr-Al system affects the glass 
transition and the crystallization temperatures. Cobalt increases 𝑇𝑔, while it decreases 
𝑇𝑥. Although the 𝑇𝑥 value of Cu30Co20Zr45Al5 shows a deviation from the trend, but ∆𝑇𝑥  
decreases by cobalt addition. X. Ou et al [193] have reported a 𝑇𝑔 = 705 𝐾 and 
𝑇𝑥 = 772 𝐾 for Cu50Zr45Al5 metallic glass, which are in a good agreement with the results 
of this work. 
Comparing the DSC results of the ternary and quaternary Cu-Zr system investigated in 
this work, it is obvious that Al affects the temperatures of crystallization and melting. 
Addition of a constant amount of Al (5 at.%) to the Cu-Co-Zr system increases the glass 
transition and crystallization temperatures of the alloy (Fig. 4.2(a)). As an example, the 
values of 𝑇𝑔 and 𝑇𝑥 for Cu48Co2Zr50 were 684 K and 730 K, respectively, while replacing 
Zr by Al has changed 𝑇𝑔 and 𝑇𝑥 values to 710 K and 776 K, respectively. At the same time 
the value of supercooled liquid region has increased (∆𝑇𝑥(𝐶𝑢48𝐶𝑜2𝑍𝑟50) = 46 and 
∆𝑇𝑥(𝐶𝑢48𝐶𝑜2𝑍𝑟45𝐴𝑙5) = 66), too. Al increases ∆𝑇𝑥 and on the other hand solidus and 
liquidus temperatures decrease with addition of Al. 
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Figure 4.2: a) Influence of Co-content on 𝑇𝑔, 𝑇𝑥 and ∆𝑇 of Cu50-xCoxZr50 and                           
Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys, b) dependence of 𝑇𝑟𝑔,   and   on 
composition. 
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Table 4.1: Compositional dependence of the onset glass transition temperature, gT , xT , 
gxx TTT  , 
s
BT 2 , mT , LT , rgT  [178],   [179] and   [180] parameters of the melt-spun 
Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) ribbons. 
 𝑇𝑔  (K)  
± 3 
𝑇𝑥  (K) 
 ± 2 
∆𝑇𝑥 (K) 
 ± 3.6 
𝑇𝐵2
𝑠  (K) 
± 3 
𝑇𝑚  (K) 
± 2 
𝑇𝐿  (K) 
 ± 4 
𝑇𝑟𝑔         
± 0.003 
 ±  
0.002 
 ± 
0.006 
Cu48Co2Zr45Al5 710 776 66 924 1155 1218 0.583 0.403 0.668 
Cu45Co5Zr45Al5 712 762 50 851 1184 1268 0.562 0.385 0.628 
Cu40Co10Zr45Al5 717 750 33 - 1221 1248 0.574 0.382 0.618 
Cu30Co20Zr45Al5 736 763 27 - 1266 1298 0.567 0.375 0.603 
 
 
The DSC results of the ternary Cu-Co-Zr system revealed that Co increases the thermal 
stability of B2 (Cu,Co)Zr and decreases 𝑇𝑟𝑔,   and  (see Table 3.1). This trend is also 
visible here (Fig. 4.2(b)). However, for the compositions with the same amount of Co, the 
GFA parameters have increased by Al addition. For instance, in Cu48Co2Zr50, 𝑇𝑟𝑔 and  are 
0.548 ± 0.003 and 0.378 ± 0.002, respectively, whilst in Cu48Co2Zr45Al5 alloy, the values 
are 0.583 ± 0.003 and 0.403 ± 0.002, respectively. Comparing the results of GFA 
parameters in ternary and quaternary alloys depicts that even the highest Co-content 
alloy containing Al, Cu30Co20Zr45Al5, is a better glass former compared to the low Co-
content ternary alloy, Cu48Co2Zr50. This is a consequence of addition of Al, a glass former 
alloy, to the system. 
Table 4.2: Compositional dependence of the K parameter for  
the ternary and quaternary Cu-Zr alloys. 
 K  K 
Cu48Co2Zr50 0.78 Cu48Co2Zr45Al5 0.79 
Cu45Co5Zr50 0.55 Cu45Co5Zr45Al5 0.72 
Cu40Co10Zr50 0.53 Cu40Co10Zr45Al5 0.60 
Cu30Co20Zr50 0.49 Cu30Co20Zr45Al5 0.59 
 
 
In chapter 3, K parameter was calculated for Cu50-xCoxZr50 (0 ≤ x ≤ 20) alloys. Here, the 
DSC results show that 𝑇𝐵2
𝑓 (𝐶𝑢48𝐶𝑜2𝑍𝑟45𝐴𝑙5) is 960 K and 𝑇𝐵2
𝑓 (𝐶𝑢45𝐶𝑜5𝑍𝑟45𝐴𝑙5) is 908 K, 
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respectively. Hence K is 0.79 and 0.72, respectively. As Table 4.2 shows, Al has increased 
K parameter value and it is possible to produce BMGCs with moderate dimensions. 
As discussed above the DSC trace of Cu48Co2Zr45Al5 and Cu45Co5Zr45Al5 depicts an 
endothermic event, after crystallization and prior to melting (see Fig. 4.1(b)). This 
endothermic peak is related to the eutectoid transformation. The value of 𝑇𝐵2
𝑠  parameter 
for Cu48Co2Zr45Al5 and Cu45Co5Zr45Al5 is 924 ± 3 K and 851 ± 3 K, respectively, while 𝑇𝐵2
𝑓
 
is 960 ± 3 K and 908 ± 3 K, correspondingly. As discussed in chapter 3.1 Co shifts the 
transformation temperature to lower values and broadens the endothermic peak till it 
finally vanishes. Consequently, the stable temperature range of Cu10Zr7 and CuZr2 
gradually decreases and the B2 phase forms at temperatures lower than 988 K. If we 
compare the eutectoid transformation temperatures of Cu50-xCoxZr50 and Cu50-
xCoxZr45Al5 alloys (see Table 3.1 and 4.1), we see that in the ternary alloys studied in this 
work, the eutectoid transformation temperatures decrease by cobalt; for x = 5 B2 phase 
crystallizes during annealing and the eutectoid transformation vanishes completely. 
While in the quaternary alloys this transformation occurs for Cu45Co5Zr45Al5, too. It can 
be attributed to the fact that Al has a positive effect on glass-forming ability , whilst Co 
stabilizes B2 (Cu,Co)Zr phase.  
Fig. 4.3 reveals the X-ray diffraction patterns of the melt-spun Cu50-xCoxZr45Al5 (x = 5, 10 
and 20) ribbons annealed at 873 K. Furthermore the X-ray diffraction patterns of 
Cu48Co2Zr45Al5 annealed at 843 K and 1073 K (below and above the eutectoid 
transformation) are illustrated.  
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Figure 4.3: a) X-ray diffraction patterns of the melt-spun Cu50-xCoxZr45Al5 (x = 2, 5, 10 
and 20) ribbons annealed at 873 K, *: annealed at 843 K, **: annealed at 1023 K, b) the 
diffraction patterns in the range of 15˚ < 2 < 22˚. 
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The X-ray diffraction pattern of Cu48Co2Zr45Al5 annealed at 843 K depicts that the major 
phases are Cu10Zr7 and CuZr2, while some peaks with a low intensity related to AlCu2Zr 
phase also exist. Whereas annealing at 1023 K results in the formation of mostly 
(Cu,Co)Zr phase with Cu10Zr7 and AlCu2Zr phases. The X-ray pattern of Cu45Co5Zr45Al5 
annealed at 873 K depicts the same result of Cu48Co2Zr45Al5 annealed at 843 K. In these 
alloys the eutectoid reaction either has not occurred or not completed upon heating. By 
increasing the cobalt content to 10 and 20, (Cu,Co)Zr and AlCu2Zr phases become the 
dominant phases after annealing. It is worth mentioning that some Cu10Zr7 peaks were 
detectable in Cu40Co10Zr45Al5 X-ray patterns, too.     
 
4.2. Phase formation in the as-cast Cu50-xCoxZr45Al5 rods  
The effect of casting conditions and Co addition on the phase selection upon cooling of 
the Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) rods are discussed in this part. The samples 
with different Co-contents and casting diameters (ø = 1.5, 2, 3 and 4 mm) were 
fabricated and examined. Some selected X-ray patterns are discussed below.  
Fig. 4.4 depicts the X-ray patterns of the top, middle and bottom parts of the as-cast 
Cu48Co2Zr45Al5 with ø = 1.5 mm. The X-ray patterns show an interesting and surprising 
result; the top part of the rod has a fully amorphous structure, while in the middle part 
of rod the amorphous phase co-exists with (Cu,Co)Zr phase, and the bottom of the rod 
consists of a mostly crystalline structure. If the cooling rate is high enough to produce a 
fully amorphous structure during casting, therefore it is not expected to have a 
structural heterogeneity along the rod, which is obtained here. On the other hand in the 
copper mold suction casting, the cooling rate is usually higher in the bottom of a rod 
compared to the top. Therefore it is expected to have amorphous structure originally at 
the bottom of a heterogeneous as-cast rod than the top.  
The first explanation for the observation of different phases and microstructure along 
the casting rod can be the presence of chemical segregation along the rod. EDX analysis 
was used in order to examine the chemical composition of the bottom and middle of the 
as-cast Cu48Co2Zr45Al5 (ø = 1.5 mm). The results depict an average chemical composition 
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(at %) of Cu45.88Co2.01Zr47.59Al4.53 and Cu45.97Co2.03Zr47.48Al4.52 for the bottom and middle 
part of the rod, respectively. According to the results, chemical segregation did not occur 
during the solidification process. Also the ‘Soret effect’ does not play any role here [194]. 
The Soret effect refers to a spatial dissimilarity in chemical concentration that happens in 
solutions and melts, which have a temperature gradient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: X-ray patterns 
of the top, bottom and 
middle part of the as-cast 
Cu48Co2Zr45Al5 rod, ø = 1.5 
mm. 
 
This unusual heterogeneous behavior is also seen in the as-cast Cu48Co2Zr45Al5 rod with 
ø = 2, 3 and 4 mm (not shown here). Similarly, Cu45Co5Zr45Al5 depicts such phase 
formation and microstructure in the as-cast rod wit ø = 1.5, 2 and 3 mm. It means that 
these compositions are suitable compositions to form BMGs or BMGCs at the mentioned 
diameters. Nevertheless when the cooling rate decreases (e.g. ø = 4), Cu45Co5Zr45Al5 rod 
depicts a fully crystalline structure along the rod. On the other hand, when the cobalt 
content increases to 10, the highest cooling rate (here ø = 1.5) is not enough to suppress 
crystalline phase formation under cooling and for all diameters studied in this work fully 
crystalline structure was attained.      
When the top part of the as-cast rod shows an amorphous structure it means that the 
cooling rate is high enough to obtain a fully amorphous structure along the rod, but the 
reason to see crystalline phases at the middle and bottom part of the rod is probably due 
4 Phase formation, thermal stability and microstructure of Cu-Co-Zr-Al alloys      
 
68 
 
to a design of the copper mold used in these experiments. It can be that the length of the 
as-cast rods (70 mm) was more than the effective length regarding the dimensions of 
the copper mold mass and it could be better to have a shorter mold with the same 
characteristics.       
To investigate the effect of cobalt on the phase formation of the Cu50-xCoxZr45Al5 alloys, 
the X-ray results of the as-cast rods (ø = 4 mm, bottom part) were compared with each 
other.  Fig. 4.5 depicts that (Cu,Co)Zr and AlCu2Zr exist in all compositions, additionally 
Cu10Zr7 peaks are identifiable in Cu48Co2Zr45Al5 alloy. The effect of casting conditions 
and composition on the phase formation in Cu50-xCoxZr45Al5 alloys are summarized in 
Table 4.3. It is worth mentioning that the dominant phase is always written at the left of 
the list.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: The X-ray 
patterns of as-cast Cu50-
xCoxZr45Al5 (x = 2, 5, 10 and 
20) rods, ø = 4 mm, the 
bottom part. 
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Table 4.3: The observed phases in the as-cast Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) rods for 
different casting diameters and along the rods. 
Composition ø (mm) Phase(s) 
Cu48Co2Zr45Al5 
1.5 
Top: Amorphous 
Middle: Amorphous + (Cu,Co)Zr 
Bottom: (Cu,Co)Zr + AlCu2Zr + Cu10Zr7  
2 
Top: Amorphous + (Cu,Co)Zr 
Middle: Amorphous + (Cu,Co)Zr 
Bottom: Amorphous + (Cu,Co)Zr + AlCu2Zr 
3 
Top: Amorphous 
Middle: Amorphous + (Cu,Co)Zr 
Bottom: (Cu,Co)Zr  + AlCu2Zr + Cu10Zr7 + Amorphous 
4 (Cu,Co)Zr + AlCu2Zr + Cu10Zr7 + Amorphous 
Cu45Co5Zr45Al5 
1.5 (Cu,Co)Zr + AlCu2Zr + Cu10Zr7 + Amorphous 
2 (Cu,Co)Zr + AlCu2Zr + Cu10Zr7 + Amorphous 
3 
Top: Amorphous + (Cu,Co)Zr 
Middle: (Cu,Co)Zr + AlCu2Zr + Cu10Zr7 + Amorphous 
Bottom: (Cu,Co)Zr + AlCu2Zr + Cu10Zr7 + Amorphous 
4 
Top: (Cu,Co)Zr + AlCu2Zr + Cu10Zr7 
Middle: (Cu,Co)Zr + AlCu2Zr + Cu10Zr7 
Bottom: (Cu,Co)Zr + AlCu2Zr 
Cu40Co10Zr45Al5 1.5, 2, 3 & 4 (Cu,Co)Zr + AlCu2Zr 
Cu30Co20Zr45Al5 1.5, 2, 3 & 4 (Cu,Co)Zr + AlCu2Zr 
 
When we compare the phase formation in the ternary and quaternary Cu-Zr alloys 
studied in this work (Fig. 3.7 and Fig. 4.5), we see that in Cu50-xCoxZr50 alloys, when the 
Co-content is below 5 at.%, monoclinic (Cu,Co)Zr is the dominant phase and the 
equilibrium phases (Cu10Zr7 and CuZr2) coexist. While Co is 5 at.%, the B2 is detectable 
and by increasing the Co-content gains in intensity.  Whereas, in Cu50-xCoxZr45Al5 alloys, 
the low Co-content compositions contain (Cu,Co)Zr and  AlCu2Zr phases and weak peaks 
of Cu10Zr7 are detectable. In high Co-content alloys and in the absence of Al, B2 (Cu,Co)Zr 
phase is the equilibrium phase at room temperature, while by Al addition AlCu2Zr phase 
is present at room temperature, too. 
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- Effect of Co additions on the lattice parameter of Cu50-xCoxZr45Al5 
alloys 
Rietveld refinement was performed to obtain the structure parameters of the B2 phase 
in the as-cast Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys. The calculated lattice 
parameters of the B2 phase of the Cu50-xCoxZr50 (ø = 3 mm) and Cu50-xCoxZr45Al5 (ø = 4 
mm) alloys are plotted as a function of the Co-content in Fig. 4.6. As discussed in chapter 
3.6, due to the smaller atomic radius of Co (125 pm) compared to Cu atomic radius (128 
pm)[185], increasing the Co content decreases the unit cell parameter of (Cu,Co)Zr 
phase. The same tendency is visible for the unit cell parameter of B2 (Cu,Co)Zr phase of 
Cu50-xCoxZr45Al5 alloys, too. Comparing the unit cell parameter of the ternary and 
quaternary B2 phases illustrates that at a constant amount of Co, the unit cell parameter 
of the quaternary B2 phase is smaller than that of the ternary B2 phase. According to the 
atomic radius of Al (143 pm) and Zr (160 pm) [185] and compare with the atomic radius 
of Cu and Co, it seems that in the quaternary B2 phase, some Zr atoms are replaced by Al 
atoms and this is the reason of a smaller unit cell parameter value of B2 (Cu,Co)Zr. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: The effect of 
cobalt on the lattice 
parameter of B2 (Cu,Co)Zr 
phase in the as-cast Cu50-
xCoxZr50 (ø = 3 mm) and Cu50-
xCoxZr45Al5 (ø = 4 mm) rods 
at the bottom part. 
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4.3 Microstructure characterization of Cu-Co-Zr-Al alloys 
Similar to the ternary Cu-Co-Zr compositions, a dendritic microstructure with the inter-
dendritic eutectic regions was observed for the most of quaternary compositions. As a 
typical example, Fig. 4.7 illustrates the morphology of such dendrites generated by 
nucleation and growth in the as-cast Cu40Co10Zr45Al5 (ø = 3 mm) at the bottom of the 
rod. However during SEM investigations of different quaternary compositions, some 
other interesting features were also observed. Therefore, before starting to compare the 
SEM micrographs of different compositions, it would be useful to identify the observed 
features in the SEM micrograph, by means of TEM. Regarding the fact that SEM has a 
lower resolution compared to TEM and in the most cases the observed features are not 
exactly clear due to the limitations of the SEM apparatus, the TEM investigation were 
done. Consequently, the TEM validation of the features observed by SEM makes the 
discussion easier for the comparison of quaternary compositions. 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: The microstructure 
of the as-cast Cu40Co10Zr45Al5 (ø 
= 3 mm) rod at the bottom of 
the rod. The inset shows a 
higher magnification of the 
dendritic microstructure. 
 
 
Phase verification 
Cu30Co20Zr45Al5 (ø = 4 mm, at the bottom of the rod) and Cu45Co5Zr45Al5 (ø = 2 mm, in 
the middle of the rod) alloys were selected for the microstructure verification using 
TEM. The criteria for selecting these samples was to have the highest diversity in terms 
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of the microstructural features observed during SEM investigation. These samples will 
be discussed in the two following sections. 
 
4.3.1 Cu30Co20Zr45Al5, ø = 4 mm, at the bottom of the rod 
The SEM investigations represent three different microstructural features for the 
Cu30Co20Zr45Al5 rod (ø = 4 mm). These features, which are taken at the bottom part of 
the rod include dendrites, eutectic phase, and the intra-dendritic lamellar characteristics 
(Fig. 4.8). Fig. 4.8(a) represents an overview of the dendritic microstructure (B2 grains) 
with the eutectic phase. A higher magnification of the red rectangular area in Fig. 4.8(a) 
is illustrated in Figure 4.8(b). The eutectic structure between B2 grains is clearly visible 
in this graph. An EDX map of the area shown in Fig. 4.8(c) reveals that the B2 grains are 
rich in Zr and Co atoms, while Cu and Al atoms are mostly concentrated in the eutectic 
phases (Fig. 4.8(d)).  The lamellae features inside the B2 dendrites are shown in Fig. 
4.8(e and f). In the most of the B2 grains, the lamellas are arranged in the form of small 
packs of laths that are often perpendicular to the neighboring packs. This morphology 
can be ascribed to the nucleation of martensite phase on the equivalent planes of the 
parent phase (B2), or the presence of a high density of twins, which will be clarified later 
in this section. 
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Figure 4.8: The microstructure of the center of the as-cast Cu30Co20Zr45Al5 rod (ø = 4 mm) 
at the bottom part, a) the micrograph represents an overview of the microstructure, b) a 
higher magnification of the area embedded in the red rectangular shown in (a), the 
dendritic structure of B2 (Cu,Co)Zr and the eutectic structure between the B2 grains are 
clearly shown, c) the micrograph shows a lamellar characteristics in the B2 grains, d) the 
EDX map of figure (c), the map of constituent elements (Cu, Al, Co and Zr) are illustrated in 
red, turquoise, blue and green, respectively, e) and f) B2 grains with the lamellar structure, 
which make bundles and are arranged perpendicular to each other.     
 
To confirm the results obtained by SEM, a TEM sample was prepared from a region 
containing all the microstructural features including B2 grains with lamellae feature 
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inside, as well as the eutectic phases. Figure 4.9 illustrates the STEM micrographs of the 
eutectic regions in different areas.  
 
 
Figure 4.9: The STEM micrographs of the inter-dendritic regions (eutectic 
phases) in different areas of the as-cast Cu30Co20Zr45Al5 rod (ø = 4 mm) at 
the bottom part. The arrows depict the position of EDX analysis points. 
 
In order to obtain the average chemical composition of the eutectic phases together with 
the B2 grains, EDX analysis was performed on the points shown by red arrows in Fig. 
4.9. The results are reported in Table 4.4. Accordingly, the average composition of the 
dark and bright eutectic phases are Al13(Cu,Co)57Zr30 and (Cu,Co)45 Zr53Al2, respectively. 
The average composition of the B2 grains are found to be (Cu,Co)45Zr54Al1.  
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Table 4.4: EDX analysis of the as-cast Cu30Co20Zr45Al5 rod (ø = 4 mm) at the bottom part. 
 
Point 
Cu  Co  Zr  Al 
Identified phase 
  [at. %]   
(a) P1 21.4 ± 0.2 26.3 ± 0.2 51.9 ± 0.4 0.4 ± 0.0 (Cu,Co)Zr 
 P2 22.0 ± 0.2 23.7 ± 0.2 53.1 ± 0.4 1.2 ± 0.0 (Cu,Co)Zr 
 P3 17.9 ± 0.1 25.0 ± 0.1 56.6 ± 0.4 0.5 ± 0.0 (Cu,Co)Zr 
 P4 48.1 ± 0.3 6.6 ± 0.1 31.6 ± 0.4 13.7 ± 0.1 AlCu2Zr 
 P5 52.7 ± 0.4 5.0 ± 0.1 27.2 ± 0.5 15.1 ± 0.1 AlCu2Zr 
 P6 29.3 ± 0.2 18.2 ± 0.2 50.8 ± 0.5 1.7 ± 0.0 (Cu,Co)Zr 
 P7 28.4 ± 0.2  17.0 ± 0.2 52.7 ± 0.5 1.9 ± 0.0 (Cu,Co)Zr 
(b) P1 51.6 ± 0.4 5.8 ± 0.1 29.8 ± 0.5 12.8 ± 0.1 AlCu2Zr 
 P2 49.9 ± 0.3 5.7 ± 0.1 30.7 ± 0.4 13.7 ± 0.1 AlCu2Zr 
 P3 52.0 ± 0.4 6.3 ± 0.1 27.9 ± 0.5 13.8 ± 0.1 AlCu2Zr 
 P4 25.3 ± 0.2 17.2 ± 0.2 55.2 ± 0.6 2.3 ± 0.0 (Cu,Co)Zr 
 P5 26.0 ± 0.3 19.8 ± 0.2 52.1 ± 0.7 2.1 ± 0.0 (Cu,Co)Zr 
 P6 27.7 ± 0.3 18.4 ± 0.2 52.1 ± 0.6  1.8 ± 0.0 (Cu,Co)Zr 
(c) P1 52.4 ± 0.2 7.4 ± 0.1 30.8 ± 0.3 9.4 ± 0.0 AlCu2Zr 
 P2 28.6 ± 0.1 17.0 ± 0.1 52.7 ± 0.3 1.7 ± 0.0 (Cu,Co)Zr 
 P3 22.6 ± 0.1 21.2 ± 0.1 54.4 ± 0.3 1.8 ± 0.0 (Cu,Co)Zr 
 P4 24.1 ± 0.1 20.1 ± 0.1 53.8 ± 0.3 2.0 ± 0.0 (Cu,Co)Zr 
 P5 21.4 ± 0.1 23.6 ± 0.1 54.2 ± 0.3 0.8 ± 0.0 (Cu,Co)Zr 
 P6 21.1 ± 0.1 22.5 ± 0.1 55.4 ± 0.3 1.0 ± 0.0 (Cu,Co)Zr 
 P7 20.8 ± 0.1 24.3 ± 0.1 54.2 ± 0.3 0.7 ± 0.0 (Cu,Co)Zr 
(d) P1 30.0 ± 0.2 16.0 ± 0.1 52.2 ± 0.5 1.8 ± 0.0 (Cu,Co)Zr 
 P2 22.5 ± 0.2 23.3 ± 0.2 52.9 ± 0.4 1.3 ± 0.0 (Cu,Co)Zr 
 P3 19.6 ± 0.1 25.2 ± 0.1  54.8 ± 0.4 0.4 ± 0.0 (Cu,Co)Zr 
 
 
 
Furthermore it was found that in some B2 grains, the outer shell has a different 
composition compared to the inner side of the grain. An example of such a B2 dendrite is 
shown in Fig. 4.9(d) and the chemical composition of the near boundary area and the 
inside of the grain is listed in Table 4.4. The chemical analysis revealed that the outer 
shell (Cu30Co16Zr52Al2) is richer in Cu compared to the inner side of the B2 grain 
(Cu20Co25Zr55) and Co is mostly concentrated in the center of the B2 grains. 
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It was found that during TEM investigations, the sample contains less lamellae features 
in comparison with the results obtained by SEM, which can be attributed to the recovery 
of the lamellae features during the milling with the Ga ions for the TEM sample 
preparation. This observation even may help to identify the type of lamellae features; 
since if they were the precipitates of a second phase, they may not disappear by TEM 
sample preparation. According to the morphology of the lamellae features, which are 
arranged in the form of small packs of laths and are often perpendicular to the 
neighboring packs, they may follow certain crystallographic directions. There are three 
possibilities for the appearance of such a morphology: (i) twinning on certain 
crystallographic planes, (ii) martensite phases nucleating on certain planes, or (iii) 
precipitates with a Widmanstätten structure that are in general needle-like and 
following a certain crystallographic orientation [195]. 
According to the SEM micrographs, there is a very high density of lamellae features 
within the B2 grains. This means that if they were martensite phase or Widmanstätten 
precipitates, the corresponding diffraction peaks should also be present in the X-ray 
patterns. However the X-ray diffraction results (Fig. 4.5 and Tab. 4.3) revealed that B2 
(Cu,Co)Zr and AlCu2Zr phases exist in the as-cast Cu30Co20Zr45Al5 rod. No signs for the 
presence of martensite phase or any other phase, like precipitates with the 
Widmanstätten structure, were observed. This strengthens the idea of the presence of a 
high density of twins inside the B2 grains. Furthermore, it has been reported that a high 
density of twins results in the appearance of an asymmetric tail in the X-ray diffraction 
peaks [196-198]. A closer look to the X-ray diffraction peaks (Fig. 4.10) reveals that 
there is an asymmetry in the reflections corresponding to the B2 phase. 
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Figure 4.10: The reflection pattern of the B2 (Cu,Co)Zr phase at different 2 
ranges of  the as-cast Cu30Co20Zr45Al5 rod (ø = 4 mm). 
 
Therefore according to the discussions above, it is concluded that the microstructure is 
composed of a very high density of twins. Despite the fact that a considerable fraction of 
lattice twins has been recovered during TEM sample preparation, it was possible to find 
some B2 (Cu,Co)Zr grains with a high density of twins (Fig. 4.11(a and b)). The TEM and 
STEM micrographs also revealed the presence of twin-like features inside the 
discontinuous B2 lamellas of the eutectic microstructure (Fig. 4.11(c and d)). Thermal 
stresses during cooling can be a possible explanation for generation of such 
microstructural features. 
 
 
 
4 Phase formation, thermal stability and microstructure of Cu-Co-Zr-Al alloys      
 
78 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: a) and b) bright 
field TEM micrographs, c) and 
d) STEM images of 
Cu30Co20Zr45Al5 as-cast rod (ø 
= 4 mm) at the bottom part. 
 
TEM investigations further revealed the presence of less amount of the martensite 
phase. The STEM micrograph of a possible martensite lath inside a B2 grain is illustrated 
in Fig. 4.12(a). Selected area diffraction patterns (SAED) were recorded both from the 
possible martensite lath and the surrounding B2 grains in order to verify whether the 
observed lath is (Cu,Co)Zr martensite or not. For that, diffraction patterns were 
recorded at two different tilting angles to provide low indexed zone axis for both of the 
phases making it easier to identify the reflections. The bright-field images corresponding 
to the mentioned tilts together with related diffraction patterns are shown in Fig. 4.12(b 
and c).  The analysis of the diffraction pattern of the surrounding dendrite (Fig. 4.12(b)) 
revealed that it belongs to a B2 structure with the zone axis of [311] parallel to the 
electron beam. Similarly, it was found that the SAED patterns obtained for the possible 
martensite lath (Fig. 4.12(c)) fits well with the monoclinic (Cu,Co)Zr martensite with the 
[110] zone axis parallel to the electron beam.  
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Figure 4.12: STEM micrograph of a 
martensite lath inside a B2 grain. 
The inset in a) represents a higher 
magnification of possible martensite 
lath, b) and c) the bright-field images 
of the B2 and martensite lath, the 
insets in b) and c) depict the 
diffraction patterns of B2 (Cu,Co)Zr 
and martensite, respectively. 
 
 
4.3.2 Cu45Co5Zr45Al5, ø = 2 mm, in the middle of the rod 
The second composition selected for the TEM investigations was Cu45Co5Zr45Al5. As 
mentioned in Table 4.3, the X-ray results show that this sample consists of (Cu,Co)Zr, 
AlCu2Zr, Cu10Zr7 and amorphous phases. The SEM micrograph showing an overview of 
the cross section in the middle part of a 2 mm rod is illustrated in Fig. 4.13(a). The 
reason for selecting this composition is the varying microstructure from the surface 
toward the center of the rod. This is attributed to the difference in cooling rates of the 
outer and central parts of a rod. It should be noted that Fig. 4.13(b)) is acquired by 
means of the AsB detector, providing the image using BSE electrons. In general, the 
contrast of the SEM micrograph taken by an AsB detector stems from the differences in 
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the chemical composition of the areas being investigated. However, at high densities of 
electron beam, it is possible to distinguish between the phases with the same chemical 
composition but with different crystal structure. This is attributed to the differences in 
their densities leading to different intensities of the BSE signal. 
As an example of the interfacial area is shown in Fig. 4.13(b) and the corresponding EDX 
maps are represented in Fig. 4.13(c). As the Fig. 4.13(c) depicts there is no detectible 
chemical segregation and all of the elements are homogeneously distributed over the 
microstructure. Therefore the contrast observed in the SEM micrograph of Fig. 4.13(b) is 
attributed to the different phases with the same composition comprising different 
densities. 
 
 
Figure 4.13: SEM micrograph of the as-cast Cu45Co5Zr45Al5 rod, ø = 2 mm, a) the overall 
view and b) an interfacial area existing on the cross section of the middle of the rod, the 
inset in Fig. (a) represents a higher magnification of the area inside the green rectangular, 
and the red rectangular in the inset depicts the area that the TEM sample is prepared from, 
c) EDX map of figure (b), the map of constituent elements (Cu, Al, Co and Zr) are illustrated 
in red, turquoise, blue and green, respectively. 
 
As a next step, the microstructure of the specimen was thoroughly investigated, starting 
with the outer region to the inner areas. Figure 4.14(a) shows an overview of the 
interfacial area of interest. The arrow in this Fig. 4.14(a) represents the direction to the 
center of the sample (the direction of decreasing the cooling rate). Therefore the 
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maximum cooling rate was at the right side of the microstructure (the white area, outer 
part of the sample) and it is expected that this area is composed of amorphous 
Cu45Co5Zr45Al5. A higher magnification of such region is depicted in Fig. 4.14(b). The 
micrograph reveals the presence of amorphous structure with some features, which 
might be some islands of crystalline phases.  
 
Figure 4.14: SEM micrograph of the as-cast Cu45Co5Zr45Al5 rod, ø = 2 mm a) an interfacial 
area, a higher magnification of b) white area in (a) and c) the boundary between 
amorphous and the neighboring phase, d) an area with dark matrix and bright laths, e) 
nano-sized B2 grains, f) the center of the sample, which consists of B2 grains and eutectic 
phases. 
 
Fig. 4.14(c) shows a higher magnification of the boundary between amorphous phase 
and the neighboring phase. It seems that this area is composed of both amorphous and 
nanocrystalline areas. After this region, an area with a dark matrix and bright laths 
(probably (Cu,Co)Zr martensite phase) is observed (Fig. 4.14(d)). The appearance of 
such an area is very interesting since it is expected that the B2 crystals are very small at 
this stage and are not comparable with the size of the present laths. By moving further 
through the center of the sample (Fig. 4.14(e), the small B2 grains with the size of ~ 100-
200 nm, surrounded by thin layers of a dark phase appear. Finally, at the center of the 
sample, the microstructure is composed of large B2 grains and eutectic phases (Fig. 
4.14(f)). 
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To investigate the microstructural features observed by SEM at the interfacial areas, a 
TEM sample was prepared in such a way that in a TEM lamella, the interfacial area is 
included as much as possible. For that, the lamella was taken from a narrow interfacial 
area shown by red rectangular in the inset of Fig. 4.13(a). 
Similar to the SEM investigations, the microstructure of the outer regions of the cast rod 
was investigated first, followed by moving toward the inner regions. In general, six 
different microstructural regions were identified by TEM investigations. The TEM 
micrographs of region I (Fig. 4.15) represent a featureless microstructure. According to 
the bright-and dark-field TEM micrographs (Fig. 4.15(a) and (b)), no crystalline features 
are being observed. This is also corroborated by the corresponding SAED pattern 
included in Fig. 4.15(a). Some very small features are present in TEM micrograph of Fig. 
4.15(a) that are illustrated with a higher magnification in Fig. 4.15(c) However these 
features cannot comprise a crystalline structure, since in case being a crystal, some 
bright-spots resulting from Brag-reflection of electron beams should be observed at the 
corresponding dark-field image of Fig. 4.15(b). Further high resolution TEM 
investigations revealed the presence of non-crystalline phases. Fig. 4.15(d) illustrates an 
example of high-resolution TEM micrograph of such region. No lattice fringes and 
consequently no bright spots were identified within the micrograph and the included 
FFT image, respectively. A possible explanation for the existence of such features within 
the amorphous structure can be the presence of local chemical heterogeneities [199]. It 
should be noted that the appearance of local chemical heterogeneities has been 
observed immediately before crystallization of the amorphous structure [200].    
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Figure 4.15: TEM micrographs of the as-cast Cu45Co5Zr45Al5 rod, ø = 2 mm, a) 
bright and b) dark field TEM micrographs from the region I, the inset in (a) 
represents the SAED pattern of the area, c) a higher magnification of grain-like 
area in (a), d) a high-resolution TEM micrograph and its FFT image as an inset.  
 
In region II (Fig. 4.16), still the featureless amorphous structure is dominant, however 
the size and the amount of grain-like features is increased (Fig. 4.16(a and b)). 
Crystalline reflections are not evident in the attached SAED pattern (the inset of Fig. 
4.16(a)), however there are some tiny bright spots in the corresponding dark-field 
image (Fig. 4.16(c)) indicating that due to a lower cooling rate in comparison to region I, 
crystallization of the amorphous phase already started in this region. This is further 
corroborated with high-resolution TEM investigations. Many of the grain-like features or 
better to say, local chemical heterogeneities, were investigated in high-resolution mode. 
The existence of a crystalline order was missing for most of the cases (Fig. 4.16(d)). 
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However the crystalline order was observed for some of the chemical heterogeneities. 
An example of such crystalline order as well as the corresponding FFT image is 
illustrated in Fig. 4.16(e). 
 
 
Figure 4.16: a) and b) bright and c) dark field TEM micrographs of 
Cu45Co5Zr45Al5 as-cast rod (ø = 4 mm) at the bottom part. The inset in (a) depicts 
the SAED pattern of the amorphous area d) and e) high resolution micrographs 
with the corresponding FFT images representing the chemical heterogeneities 
with crystalline order. 
 
In region III (Fig. 4.17), the density of local chemical heterogeneities is higher compared 
to region II (Fig. 4.16(a) and (b)). In addition, more crystalline grains exist inside the 
amorphous matrix that is evident from the dark-field image of Fig. 4.17(c). At this stage, 
the crystalline reflections become visible in the SAED pattern (Fig. 4.17(d)) taken from 
the area shown in Fig. 4.17(c). All these observations are attributed to a lower cooling 
rate by further moving toward the inner side of the cast rod. 
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Figure 4.17: a) and b) bright and c) dark field TEM micrographs of 
Cu45Co5Zr45Al5 as-cast rod (ø = 4 mm) at the bottom part. d) SAED pattern 
represents the existence of crystalline reflections. 
 
By moving further towards the inner of the cast rod (region IV), there is a clear interface 
between the amorphous and crystalline phase(s) (Fig. 4.18). Bright-and dark-field 
images of these regions are shown in Fig. 4.18(a and b). The micrographs further reveal 
that the grains are elongated toward the center of the rod that is assigned to direction of 
heat transfer. This is well shown in the bright-field image of Fig. 4.18(c). It was also 
found that the SAED patterns of the elongated crystals match well with the diffraction 
pattern of a B2 crystal structure (Fig. 4.18(d)).  Further TEM investigations also revealed 
the presence of regions, in which the amount of B2 crystal structures gradually increases 
by moving toward the center of the rod. An example of bright-and dark-field micrograph 
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of this area is shown in Fig. 4.18(e and f). The gradual increase in the amount and the 
size of local heterogeneities is obvious, too. 
 
Figure 4.18: a) bright and b) dark field TEM micrographs of Cu45Co5Zr45Al5 as-cast rod (ø 
= 4 mm) at the bottom part, which represents the interface between the amorphous and 
crystalline phase, c) bright field TEM micrograph of elongated B2 grains, d) SAED pattern 
of (c), e) bright and f) dark field TEM micrographs, which show the increase in the size of 
B2 grains by moving toward the center of the sample. 
 
Region V (Fig. 4.19) corresponds to the area in the SEM images, where the martensite 
laths were observed. The TEM investigations revealed that these areas comprise large 
B2 grains that contain martensite laths. As an example Fig. 4.19(a and b) illustrate an 
individual B2 grain. The martensite lathe is shown with an arrow. The corresponding 
SAED pattern, shown in Fig. 4.19(c), confirms that the area of interest is composed of 
only one single grain, as ring patterns are missing in the SAED image. It was further 
found that the SAED pattern matches well with a B2 structure with the zone axis of [001] 
parallel to the electron beam. Another example of a B2 grain with a martensite lath is 
shown in TEM micrograph of Fig. 4.19(d and e). The corresponding SAED pattern 
confirmed that the grain has a B2 structure with a zone axis of [001] parallel to the 
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electron beam. Unfortunately the exact reason for the emergence of such large B2 grains 
is not clear. A possible explanation can be that they have a crystallographic orientation 
with a highest heat transfer rate parallel to the direction of cooling.  
 
Figure 4.19: a) bright and b) dark field TEM micrographs of Cu45Co5Zr45Al5 as-cast rod (ø 
= 4 mm) at the bottom part, which represents the martensite lath inside a B2 grain. The 
martensite lath is shown by the red arrow in (a) and (c), c) SAED pattern of (a), that 
depicts the B2 structure of the grain without any hints of amorphous ring, d) and e) bright 
field TEM micrographs of a B2 grain with a martensite lath in, f) SAED pattern of (d). 
 
Finally region VI contains equiaxed grains of B2 as shown in the bright-field TEM image 
of Fig. 4.20(a). Conical dark-field investigations further revealed that all the B2 grains 
illuminate at a certain rotation angle (Fig. 4.20(b)) of the electron beam and by further 
rotation of the electron beam, all of the equiaxed B2 grains become dark. This 
demonstrates the presence of a preferred orientation for the nucleation and growth of 
the equiaxed B2 grains due to direction of cooling rate under casting. Additionally the 
TEM investigations revealed that some of the equiaxed B2 grains contain a high density 
4 Phase formation, thermal stability and microstructure of Cu-Co-Zr-Al alloys      
 
88 
 
of lattice twins (Fig. 4.20(c and d)). The presence of thermal tensions can be a possible 
explanation for the existence of such heavily twinned grains. 
 
Figure 4.20: a) bright and b) dark field micrographs of B2 grains in the 
Cu45Co5Zr45Al5 as-cast rod (ø = 4 mm) at the bottom part, c) and d) B2 
grains with a high density of lattice twins. 
 
4.3.3 Heterogeneity in the as-cast Cu40Co10Zr45Al5 alloy, ø = 2 mm 
It was observed in section 4.2 that the structures of the top, middle, and bottom parts of 
the Cu48Co2Zr45Al5 as-cast rod are different. X-ray diffraction patterns revealed that the 
top area of the rod consists mostly of the amorphous phase, while the crystalline phases 
are dominant in the bottom area of the rod. In this section, the effect of cooling rate on 
the microstructure of Cu40Co10Zr45Al5 alloy will be investigated. This alloy is an example 
of high Co content composition. 
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X-ray diffraction studies of the Cu40Co10Zr45Al5 as-cast rod with a diameter of 2 mm has 
already shown that the microstructure of the top, middle, and bottom of the rod mainly 
consists of B2 (Cu,Co)Zr together with AlCu2Zr intermetallic compound. The SEM 
micrographs of the top part of the casting rod as well as the corresponding EDX map are 
presented in Fig. 4.21. The center of the as-cast rod (Fig. 4.21(a)) is composed of B2 
grains with the size in the range of 1-5 µm as well as AlCu2Zr intermetallic compound 
that is placed in between the B2 grains (dark areas). Further it was observed that the 
size of B2 grains increases from edge to the center of the specimen (Fig. 4.21(b)) that is 
attributed to a higher cooling rate in the areas near to the surface.  An SEM image of an 
area near to the surface of the rod is shown in Fig. 4.21(c). Due to a higher cooling rate, 
the AlCu2Zr intermetallic phase does not have a continuous morphology that was the 
case for the center of the casting part. The EDX map results acquired from the area in 
Fig. 4.21(c) are illustrated in Fig. 4.21 (d). The dark areas in the SEM micrograph 
correspond to the regions that are rich in Cu and Al corroborating that the dark features 
are AlCu2Zr intermetallic compound. 
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Figure 4.21: SEM image of the top part of the as-castCu40Co10Zr45Al5 rod (ø = 2 mm), a) at 
the center, b) at the edge of the sample. The insets represent a higher magnification of the 
selected areas in (b), to have a better clarity the value of the scale is written only in one 
inset. However the scales have the same value c) an area near the edge of the sample, d) 
the EDX map of figure (c), the map of constituent elements (Cu, Al, Co and Zr) are 
illustrated in red, turquoise, blue and green, respectively, e) at middle part and f) at the 
bottom of the rod. 
 
The SEM micrographs of the middle and bottom parts of the Cu40Co10Zr45Al5 casting rod 
are illustrated in Fig. 4.21(e) and 4.21(f), respectively. The microstructural features are 
in general larger for the middle part compared to the top region. Accordingly, the 
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bottom part comprises a slightly larger microstructural features compared to the middle 
area. This is attributed to a lower cooling rate by moving toward the bottom of the 
casting rod that was already discussed in a previous section (section 4.2). 
 
4.3.4 Effect of composition on microstructure of Cu50-xCoxZr45Al5 (x = 2, 
5, 10 and 20) alloys 
In order to investigate the effect of chemical composition on the microstructure of 
casting rods, the bottom parts of the as-cast rods (ø = 4 mm) were selected so that the 
cooling conditions are comparable in different compositions. X-ray diffraction analysis 
(Table 4.3) has already revealed that the microstructure of the bottom part of the alloy 
with 2% Co composed of an amorphous fraction together with (Cu,Co)Zr, AlCu2Zr, and 
Cu10Zr7 crystalline phases. Increasing the amount of Co decreases the glass-forming 
ability of the alloy that leads to the elimination of the amorphous phase in the alloys 
with 5, 10 and 20 at.% Co. According to the X-ray diffraction analysis, the bottom part of 
these alloys is composed of crystalline (Cu,Co)Zr and AlCu2Zr phases.  
Figure 4.22(a) shows a cross section at the bottom part of Cu48Co2Zr45Al5 rod. The areas 
near to the edges of the casting rod consist of the amorphous phase that is attributed to 
the higher cooling rates near to the surface of the rods. This sample contains around 
39% amorphous phase. As discussed in 4.4.2, there is a clear interface between the 
amorphous and the crystalline phases (which contains elongated B2 crystals), that 
corresponds to the region IV. The same amorphous-crystalline phase boundaries were 
observed (not shown here) in this sample, too. Fig. 4.22(b) presents the SEM micrograph 
of the center of the rod. The size of the B2 grains is in the range of submicron regime 
that is attributed to the higher GFA of the composition. This micrograph was recorded 
using AsB detector reflecting the compositional contrast. Hence it is possible to identify 
AlCu2Zr and Cu10Zr7 phases presenting in between the (Cu,Co)Zr B2 grain. It should be 
noted that AlCu2Zr comprises a darker grayscale tone compared to that of Cu10Zr7. 
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Figure 4.22: SEM micrograph of the as-cast Cu48Co2Zr45Al5, ø = 4 mm and at the bottom 
part, a) an overall view, b) center of the sample, the inset depicts a higher magnification of 
the selected area in (b). 
 
A microstructure of the as-cast Cu45Co5Zr45Al5 alloy is illustrated in Fig. 4.23(a). 
According to the X-ray diffraction analysis, the microstructure is composed of crystalline 
(Cu,Co)Zr and AlCu2Zr phases. However a small amount of the amorphous structure is 
observed at the edges of the rod (not shown here), which cannot be detected by means 
of X-ray analysis.   
  
Figure 4.23: SEM images from the center of the as-cast a) Cu45Co5Zr45Al5 alloy, b) 
Cu40Co10Zr45Al5 alloy, ø = 4 mm at the bottom part. The inset in the figures represent a 
higher magnification of the area. The eutectic phases are clearly visible in the inset of (b). 
 
A microstructure at the center of the as-cast Cu40Co10Zr45Al5 alloy is depicted in Fig. 
4.23(b). The eutectic phases are clearly visible compared to the eutectic phases in 
Cu45Co5Zr45Al5 alloy. 
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Finally the microstructure of the composition with 20 at.% Co is shown in Fig. 4.24. The 
microstructure at the edge of the casting rod is composed of smaller B2 grains due to a 
rapid cooling rate (Fig. 4.24(a)), while the center of the rod contains larger B2 grains 
(Fig. 4.24(b)). According to the SEM investigations, microstructure of the center is 
composed of B2 grains as well as the eutectic structure, B2 and AlCu2Zr. A higher 
magnification SEM micrograph of the eutectic structure is illustrated in Fig. 4.24(c). 
However the eutectic structure is missing at the edge of the sample rod and instead, 
AlCu2Zr phase (dark phase) exist between the smaller B2 grains as thin layers. SEM 
investigation further reveals the presence of twin lamellae both within the small and 
large B2 grains at the edge and center of the casting rod. A high-magnification SEM 
micrograph of a large B2 grain with a high density of twins is shown in Fig. 4.24(d). 
 
 
Figure 4.24: SEM images from the center of the Cu30Co20Zr45Al5 alloy at a) the edge of the 
sample, b) center, ø = 4 mm at the bottom part, c) and d) a higher magnification of the 
microstructure that represent the eutectic phases and the twins inside the B2 grains, 
respectively. 
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The effect of Co and Al contents and cooling rate on the phase formation and 
microstructure of the casting rods have been explored in this chapter. The results 
showed that Al increases GFA of the alloys, whereas Co promotes the formation of stable 
phases. The alloys containing 2 and 5 at.% of Co had a fraction of an amorphous phase, 
amount of which was higher at lower Co content (2 at.%). The amorphous areas were 
mostly located near to the edge of the casting rods that is attributed to a higher cooling 
rate near to the surface of the casting rods. A transition from amorphous and crystalline 
phases was observed from the surface towards the center of the casting rods that was 
investigated in details using TEM. The samples with 10 and 20 at.% of Co were 
composed of only crystalline phases. 
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5 Mechanical properties of Cu-Co-Zr alloys  
  
The true stress- strain curves of Cu50Zr50 and Co50Zr50 as-cast rods (ø = 3 mm) under 
compressive load are plotted in Fig. 5.1. As the inset of Fig. 5.1 represents the as-cast 
Cu50Zr50 rod consists of martensitic CuZr and equilibrium phases, while the as-cast 
Co50Zr50 rod contains B2 CoZr at room temperature.  The dissimilar phases and 
microstructures of these two compositions result in a dissimilar mechanical behavior. 
The Cu50Zr50 sample shows a maximum strength of 1524 MPa with 12% plasticity before 
fracture; while in the case of Co50Zr50 sample, the measurement had to be stopped due to 
the device limit.  Attaining 59% plasticity, the applied stress was just 908 MPa. Hence 
the disparate mechanical characteristic of these two binary alloys stimulates to study 
the mechanical behavior of Cu-Co-Zr alloys. For this purpose Cu50-xCoxZr50 (x = 0, 0.5, 2, 
4, 5, 7.5, 10, 15 and 20 at.%) alloys were selected to study the effect of Cu substitution by 
Co on the mechanical properties of the alloys. 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: True stress-
strain curves of Cu50Zr50 
and Co50Zr50 as-cast rods 
with 3 mm in diameter 
under compressive load, 
strain rate: 1 × 10-4 s-1. 
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Fig. 5.2 shows a systematic study of the effect of cobalt on the mechanical properties of 
Cu50-xCoxZr50 (x = 0, 0.5, 2, 4, 5, 7.5, 10, 15 and 20 at.%) rods with 3 mm in diameter. As 
discussed in section 3.2, the X-ray analysis showed that cobalt affects the equilibrium 
phase(s) at room temperature. Compositions with x < 5 contain the metastable 
martensitic (Cu,Co)Zr phase as the main phase, and (Cu,Co)10Zr7 and (Cu,Co)Zr2 as the 
equilibrium phases; while in compositions with at least 10 at.% Co, the B2 (Cu,Co)Zr 
phase is the stable phase at room temperature. In the range of 5 ≤ x < 10 at.% Co, the 
metastable and stable (Cu,Co)Zr phases coexist in the as-cast samples. As discussed in 
section 3.3 composition affects the phase formation and consequently the mechanical 
properties will be affected, too; Samples with the martensitic structure (x < 5) show  
work hardening behavior, while in the compositions with a B2 structure (10 ≤ x) in the 
as-cast situation, deformation-induced martensitic transformation occurs, too. The 
mechanical properties of Cu50-xCoxZr50 (0 ≤ x ≤ 20) are summarized in table 5.1. As table 
5.1 shows cobalt decreases the yield point in the high Co-content alloys. It is worth to 
mention that the 0.2 is reported as first yield point and at stress levels more than 1200 
MPa, when the stress-strain curve deviates from the linier behavior the second yield is 
determined. Comparing the stress-strain curves of Cu50-xCoxZr50 (0 ≤ x ≤ 20) alloys, it 
seems that there is a transition between the mechanical behavior of Cu45Co5Zr50 and 
Cu42.5Co7.5Zr50 alloys, which is due to the present phases in the samples. The Cu45Co5Zr50 
alloy mostly has a martensitic structure, while Cu42.5Co7.5Zr50 alloy has martensitic and 
austenitic structure (see Fig. 3.9).  
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Figure 5.2: True stress-strain curves of the Cu50-xCoxZr50 (0 ≤ x ≤ 20) as-cast rods with 3 
mm in diameter under compressive load, strain rate: 1 × 10-4 s-1. 
  
Table 5.1: Mechanical properties of Cu50-xCoxZr50 (0 ≤ x ≤ 20) as-cast rods. 
Composition Microstructure 
1st 
Yield 
Stress 
(MPa) 
2nd 
Yield 
Stress 
(MPa) 
Maximum 
stress 
(MPa) 
Fracture 
stress 
(MPa) 
Fracture 
Strain 
(%) 
Cu50Zr50 M - - 1524 1398 12 
Cu49.5Co0.5Zr50 M - - 1605 1594 11 
Cu48Co2Zr50 M - - 1815 1778 15 
Cu46Co4Zr50 M - - 1835 1835 18 
Cu45Co5Zr50 M + B2 - - 1934 1934 15 
Cu42.5Co7.5Zr50 M + B2 - 1300 1855 1830 12 
Cu40Co10Zr50 B2 580 1780 2013 2005 10 
Cu35Co15Zr50 B2 160 1360 2026 2026 10 
Cu30Co20Zr50 B2 140 1405 2105 2105 13 
 
 
5.1. Mechanical properties of selected Cu-Co-Zr alloys 
In order to investigate the mechanical characteristics of Cu-Co-Zr alloys in detail, four 
compositions were selected. The Cu48Co2Zr50 and Cu45Co5Zr50 alloys are the 
representative of the low Co-content group and the Cu40Co10Zr50 and Cu30Co20Zr50 alloys 
belong to the high Co-content group. In the compositions with a low amount of cobalt (x 
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= 2 and 5 at.%), the maximum strength is 1815 and 1934 MPa, respectively, which is 
accompanied by a plastic strain (εP) up to 15% for both of the compositions. The high 
Co-content compositions reveal a deformation curve with two yield points and it seem 
that the addition of cobalt lowers the yield stress in the austenitic compositions.  
From the early stages of loading, the low Co-content Cu48Co2Zr50 alloy reveals a 
considerable work hardening and fractures after a large plastic strain. This work 
hardening can be due to dislocation movements and twining [201, 202]. The Cu45Co5Zr50 
compression test (CT) sample shows a similar behavior like the Cu48Co2Zr50 as-cast rod; 
but there is a difference between these two compositions: the sample with 5 at.% cobalt 
contains a mixture of B2 phase and martensite. Even this low amount of B2 phase can 
undergo the martensitic transformation. Therefore a possible explanation for the 
observed deformation curve of Cu45Co5Zr50 is the dislocation movement and twinning, 
and also deformation-induced martensitic transformation of the B2 (Cu,Co)Zr phase. The 
latter effect is much more pronounced in the high Co-content compositions. In these 
alloys the B2 (Cu,Co)Zr undergoes a deformation-induced martensitic transformation to 
the monoclinic structure, resulting in transformation-induced plasticity. The 
deformation curve has two yielding points and after the first yielding, the B2 phase 
transforms to martensite [203]. The yielding areas are illustrated by dash-line circles in 
Fig. 5.3.  
 
 
 
 
 
 
 
 
Figure 5.3: True 
stress-strain curves of 
the Cu50-xCoxZr50 (x = 
2, 5, 10 and 20) as-
cast rods with 3 mm 
in diameter under 
compressive load, 
strain rate: 1 × 10-4 s-1. 
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In the Cu40Co10Zr50 alloy, the first yield occurs around 580 MPa before the average stress 
reaches the critical stress for martensitic transformation, which will be discussed in 
details in chapter 7. This threshold value is a function of composition and decreases by 
increasing the cobalt content. As discussed in [202] it is assumed that as a result of slip 
and martensite formation under loading, new embryos are formed. Increasing the stress 
leads to nucleation of martensite from some of the martensite embryos. It is sensible to 
suppose that in a polycrystalline sample the embryos are statistically oriented and 
distributed. At the early stages of transformation, the rate of nucleation and growth of 
martensite from embryos is further and it will decrease by increasing the stress. In this 
stage the most energetic or the most favorably oriented embryos have been consumed 
and thus the external stress should be increased in order to activate the remained 
embryos, which have less favorable orientation or less energy. This effect gradually 
becomes noticeable and then steadily the martensitic transformation fades[202]. The 
last stage of deformation, upon completion of the MT, is somehow similar to the 
deformation of low Co-content samples. In this stage plastic deformation proceeds 
mainly by twinning and dislocation activity and the resultant work hardening. Since the 
MT of Cu30Co20Zr50 ends at stresses below 1500 MPa, more plasticity is gained under 
loading, which is not the case of Cu40Co10Zr50 alloy that its transformation comes to the 
end at around 1700-1800 MPa. 
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Figure 5.4: Microhardness value of Cu50-xCoxZr50 (x = 2, 5, 10 and 20) alloy. 
 
The dependence of microhardness on Cu50-xCoxZr50 composition is depicted in Fig. 5.4. 
For each composition 25 points were measured and the results are plotted as columns 
with respect to the frequency of counts. Table 5.2 shows the microhardness values of                     
Cu50-xCoxZr50 alloys. The trends of values are in a good agreement with the 
microhardness values reported for Cu49Co2Zr49 (415±22 HV0.01), Cu42.5Co12.5Zr45 
(456±17 HV0.01) and Cu40Co22.5Zr37.5 (367±7 HV0.01) ingots [204]. The low-cobalt 
content alloys (2 and 5) contain mainly B19’ (Cu,Co)Zr phase and beside this phase the 
equilibrium phases exists, too. While in the case of high-cobalt content alloys, the B2 
(Cu,Co)Zr phase is the dominant phase at room temperature. By increasing the Co-
content from 2 to 5 and 10, the microhardness value increases due to solid solution 
hardening and Cu40Co10Zr50 has the highest hardness value. This value decrease when 
the Co-content is maximum (20, studied in this work). It seems that the solid solution of 
last composition is mostly based on the ductile B2 CoZr than B2 CuZr [205]. 
Table 5.2: Microhardness values of Cu50-xCoxZr50 (0 ≤ x ≤ 20) as-cast rods. 
Composition Minimum Mean value Maximum 
Cu48Co2Zr50 361 391 ± 14 424 
Cu45Co5Zr50 366 400 ± 11 430 
Cu40Co10Zr50 407 459 ± 21 489 
Cu30Co20Zr50 357 394 ± 21 448 
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Fig. 5.5 shows the strain hardening rates of Cu50-xCoxZr50 (x = 2, 5, 10 and 20) 
composition in the plastic regime. The strain hardening rate is defined as θ = 1/σtrue 
(dσtrue/ dεtrue) [206, 207]. In the case of Cu48Co2Zr50 and Cu45Co5Zr50 alloys, the strain 
hardening rate decreases in the course of deformation and after stress values about 
1000 MPa up to the fracture stress, the strain hardening rate of Cu45Co5Zr50 is larger 
than the one for Cu48Co2Zr50. Under compressive loading Cu40Co10Zr50 shows a 
descending-ascending behavior regarding the stress. As discussed before at the first 
stages of deformation-induced MT, the amount of favorable embryos is noticeable and 
the transformation proceeds faster than the later stage, in which the transformation 
requires higher amount of energy [202]. As Fig. 5.3 illustrates the slope of the stress-
strain curve decreases after the first yield, and reaches to its minimum at stress level 
around 950-1000 MPa; afterward the slope is rising gradually by increasing the stress 
value up to around 1250 MPa and later than the slope has almost a constant value till 
reaching stress level around 1600 MPa. Therefore the strain hardening rate decreases 
under stress up to around 1000 MPa and then increases until the stress reaches value 
around 1250 MPa. After that the θ value drops continuously and gets his minimum at 
stress level of 1600 MPa. The descending-ascending behavior of strain hardening rate 
continues until the sample fractures. If higher values of strength were gained for this 
composition, the strain hardening rate would have a decreasing tendency at the stress 
points around fracture stress. The Cu30Co20Zr50 alloy shows apparently a linear decrease 
of strain hardening rate in the stress range of 800-2000 MPa. As mentioned before 
cobalt affects the yield stresses and the first yield stress of Cu30Co20Zr50 composition is 
around 140 MPa, thus the MT initiates at lower stress values compared with 
Cu40Co10Zr50 composition. In the stress range of 800-2000 MPa, the slope of stress-strain 
curve is decreasing slightly and hence the strain hardening rate decreases by increasing 
the stress value. The high Co-content compositions have a relatively higher θ value and if 
these compositions could resist stresses higher than 2100 MPa, the strain hardening 
rate curves would end up with a decreasing behavior. The presence of B2 phase in these 
alloys is beneficial for increasing the work hardenability of the samples. The inset in Fig. 
5.5 illustrates the strain hardening rate of Cu50-xCoxZr50 (x = 2, 5, 10 and 20 at.%) alloys 
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vs. true strain. The inset reveals that there is also a descending-ascending behavior 
regarding the strain for Cu30Co20Zr50 alloy. 
 
 
 
 
 
 
 
Figure 5.5: Strain 
hardening rates in the 
plastic region of the 
Cu50-xCoxZr50 (x = 2, 5, 
10 and 20 at.%) as-cast 
rods under compressive 
load. The inset 
illustrates the strain 
hardening rate of the 
alloys vs. true strain. 
 
In order to identify the indication of the deformation-induced martensitic 
transformation in Cu40Co10Zr50 and Cu30Co20Zr50 alloys, X-ray measurements were done 
before and after the deformation of Cu40Co10Zr50 and Cu30Co20Zr50 alloys (Fig. 5.6). The 
results show that after deformation, the Bragg diffraction peaks belong to martensite 
phase gain in intensity and the intensity of B2 peaks drop in Cu40Co10Zr50 and 
Cu30Co20Zr50 alloys (Fig. 5.6). 
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Figure 5.6: X-ray diffraction 
patterns of as-cast and 
deformed Cu
40
Co
10
Zr
50
 and 
Cu
30
Co
20
Zr
50 
alloys. X-ray 
results show that the Bragg 
diffraction peaks belong to 
martensite phase gain in 
intensity after deformation. 
Fig. 5.7 shows the SEM images of Cu48Co2Zr50 and Cu40Co10Zr50 alloys before and after 
deformation. The images are taken from the superficial surface. As discussed in section 
3.2, Cu48Co2Zr50 as-cast rod mainly consists of martensitic (Cu,Co)Zr phase and low-
temperature equilibrium phases coexist with martensite. Fig. 5.7(a) shows the 
martensite laths which has been formed from B2 grains (parent phase) during rapid 
cooling. The deformed and twinned martensite after deformation is clearly shown in Fig. 
5.7(b).  
X-ray diffraction results revealed that the addition of 10 at% Co leads to the stabilization 
of B2 phase even at room temperature (see Fig. 3.9) and the martensite start 
temperature is below room temperature (see section 3.4). This can be also corroborated 
by the SEM micrograph of Fig. 5.7(c) that shows equiaxed grains of the B2 phase with an 
average grain size around 10-15 μm. Fig. 5.7(d) shows the Cu40Co10Zr50 rod superficial 
surface after plastic deformation. A deformation-induced martensitic transformation has 
occurred in some grains, which are indicated by red arrows. The blue arrow (no.1) 
shows B2 (Cu,Co)Zr grain after deformation. A higher magnification picture clearly 
illustrates the deformed and transformed grains (Fig. 5.7(e)). It should be mentioned 
that the micrographs has been taken far from the fracture area, indicating that the 
martensitic transformation is not localized to the fracture surface and its neighboring 
region.  
5 Mechanical properties of Cu-Co-Zr alloys      
 
104 
 
Considering the microstructure of the alloys, in the case of low-Co content compositions, 
the microstructure is consisted of martensite (see Fig. 3.9 and Fig. 3.10). This martensite 
yields and deforms under loading. In contrast, for high-Co content alloys, the basic 
structure is an austenitic structure (B2 phase) (see Fig. 3.11 and Fig. 3.12). Under 
loading the B2 phase yields and deforms (first yielding point), subsequently this phase 
transforms to martensite and then the newly formed martensite deforms and shows the 
second yielding point. This phenomenon is also reported in [203, 208, 209]. The 
deformation behavior of low-Co content alloys is mediated mostly by dislocation 
movements and twinning, whereas in high-Co content alloys these deformation modes 
are accompanied by a martensitic transformation. 
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Figure 5.7: SEM microstructure of (a) as-
cast and (b) deformed Cu48Co2Zr50 rod, (c) 
as-cast and (d) deformed Cu40Co10Zr50 rod 
and (e) a higher magnification of yellow 
region in (d). The blue arrow (no. 1) shows a 
B2 (Cu,Co)Zr grain and the red arrows (no. 
2) indicate the transformed grains. 
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6 Mechanical Properties of Cu-Co-Zr-Al 
alloys  
 
In this chapter the mechanical properties of the quaternary Cu-Co-Zr-Al alloys will be 
considered. The X-ray analysis and the microstructure investigations of CuxCoxZr45Al5 (x 
= 2, 5, 10 and 20) alloys showed that Al changes the as-cast phase(s) and also the 
microstructure varies from a full amorphous to a BMG composite and even fully 
crystalline structure, depending on cooling rate and/or composition (chapter 4). 
Besides, it was mentioned that the quaternary as-cast rods reveal a heterogeneous 
microstructures along the as-cast rod. Hence, at first this chapter deals with the 
heterogeneous mechanical behavior of an as-cast rod resulting from the casting 
conditions. 
6.1. Heterogeneity in the as-cast alloys  
A 3 mm in diameter rod with Cu45Co5Zr45Al5 composition is selected to show the 
heterogeneity of the mechanical behavior at the length of the rod. For this purpose the 
compression test samples were cut from the bottom toward the top of the rod. 
According to the X-ray results (not shown here) the ratio of amorphous/crystalline 
structure increases from the bottom to the top of the as-cast rod. Here the stress-strain 
behavior of four samples is described as case study. The term 1 refers to the bottommost 
sample and the topmost sample is named 4.  
Fig. 6.1 shows the stress-strain curves of the as-cast Cu45Co5Zr45Al5 sample, which 
exhibits different yielding behavior, plasticity and obvious work hardening. The 
mechanical properties of these samples are listed in Table 6.1. As Fig. 6.1 depicts sample 
1, with a fully crystalline structure (not shown here), yields at 975 at a strain about 1.4 
% and it fails at 1609 MPa. With increasing the amorphous fraction in the compression 
6 Mechanical properties of Cu-Co-Zr-Al alloys      
 
107 
 
test samples, the yielding strength shifts to higher values comparing with the full 
crystalline sample, 1. The samples 2, 3 and 4 yield at a strain about 2 % and they show a 
yield strength as 1656, 1846 and 1901 MPa, respectively. As the results show sample 4 
has the highest yield strength. Moving from the bottom to the top or on the other words 
by decreasing the crystalline fraction in the bulk samples, the yield strength and fracture 
strength increase, while the plastic strain decreases.  
 
 
 
 
 
 
 
 
 
 
Figure 6.1: True stress-
strain curves of 
Cu45Co5Zr45Al5 as-cast rod, ø 
= 3 mm under compressive 
load, strain rate: 1 × 10-4 s-1. 
The term 1 and 4 refer to the 
bottommost and the topmost 
sample, respectively. 
 
Table 6.1: Mechanical properties of Cu45Co5Zr45Al5 as-cast rod, ø = 3 mm.  
  Yield 
(MPa) 
Maximum 
stress(MPa) 
Fracture 
stress (MPa) 
Fracture 
Strain (%) 
Plastic 
Strain (%) 
E ± 2 
(GPa) 
1 975 1625 1609 4.2 2.3 87 
2 1656 1886 1886 4.7 2.8 88 
3 1846 1867 1867 3.1 1.1 93 
4 1901 1920 1920 2.5 0.5 93 
 
 
6.2. Effect of cooling rate on mechanical behavior of the as-cast alloys  
In order to study the effect of the cooling rate, Cu48Co2Zr45Al5 was selected. Rods with 
different diameters (ø = 1.5, 3 and 4 mm) were cast and cut, and the compression test 
sample were prepared from the almost bottom part of the rods. Fig. 6.2 depicts the 
stress-strain curves of the as-cast Cu48Co2Zr45Al5 rods (ø = 1.5, 3 and 4 mm), and the 
mechanical properties of these samples are listed in Table 6.2. 
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Figure 6.2: True stress-
strain curves of the 
almost bottom part of 
theas -cast 
Cu48Co2Zr45Al5 rods, ø = 
1.5, 3 and 4 mm under 
compressive load, strain 
rate: 1 × 10-4 s-1. 
 
Table 6.2: Mechanical properties of Cu48Co2Zr45Al5 as-cast rod, from the almost bottom 
part. 
ø 
(mm) 
Yield 
(MPa) 
Maximum 
stress(MPa) 
Fracture 
stress (MPa) 
Fracture 
Strain (%) 
Plastic 
Strain (%) 
E ± 2 
(GPa)  
1.5 1657 2000 1825 9.4 7.3 83  
3 1715 1883 1880 4.5 2.2 83 
4 1811 2015 2015 3.6 1.4 88 
 
 
The sample with the diameter of 1.5 mm yields at around 1657 MPa and shows 7.3% 
plastic strain. For the CT sample with the diameter of 3 mm, yielding accours at around 
1715 MPa and sample depicts 2.2% plastic strain. The volume fraction of amorphous 
phase is around 10 vol.%, 10 vol.% and 39 vol.% at the bottom part of the samples with 
the diameter of 1.5, 3 and 4 mm, respectively. The amorphous phase is the most brittle 
phase, when compared with the other phases in the structure. Due to the rapid cooling 
rate in the vicinity of the copper die, the amorphous phase is distributed mostly in the 
form of ring in the outermost layer of the cross section (not shown here). In other 
words, since the amorphous phase is not constrained by other less brittle crystalline 
phases, any failure in this phase, in the form of rapid propagation of cracks, can cause 
catastrophic failure of the whole sample. In the metallic glasses, it has been proved that 
the decreasing of the size can result in improved plastic deformation [210]. Here the 
samples with 1.5 mm and 3mm diameters have the same amount of amorphous phase, 
6 Mechanical properties of Cu-Co-Zr-Al alloys      
 
109 
 
but as mentioned due to size effect on plastic strain, the smaller sample shows a larger 
plastic strain.  Moreover, in metallic glass the smaller sample size results in higher 
strength [211]. It means that in the sample with the same amount of amorphous phase, 
the smaller sample shows a higher strength value. On the other hand, a higher fraction of 
amorphous phase results in a higher value of strength. 
 
6.3. Effect of composition on mechanical behavior of Cu50-xCoxZr45Al5 
alloys 
Fig. 6.3 shows the stress-strain curves of the as-cast Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) 
alloys at the bottom parts of the rods with ø = 3 mm. The mechanical properties of the 
samples are listed in Table 6.3. All the samples depict an obvious work hardening. 
However, the quaternary composition with the lowest amount of cobalt, 2, has the 
highest yield strength, fracture strength and plastic strain among the compositions. The 
X-ray results (Table 4.3) revealed that the as-cast Cu48Co2Zr45Al5 and Cu45Co5Zr45Al5 
alloys consist of crystalline (Cu,Co)Zr + Al2CuZr + Cu10Zr7 phases next to the amorphous 
structure at the bottom part of the rod. Whereas, in high cobalt content alloys (Co = 10 
and 20), only (Cu,Co)Zr + Al2CuZr crystalline phases are stable phases at room 
temperature. Using the ‘Imagic ims Client’ software, the volume fractions of crystalline 
and amorphous phases were calculated. The results show that Cu48Co2Zr45Al5 and 
Cu45Co5Zr45Al5 rods contain < 10 vol.% and < 1 vol.% amorphous structure, respectively. 
This amount of amorphous structure is responsible of the high yield strength and 
fracture strength in Cu48Co2Zr45Al5 alloy, as it is a BMGC compared to the fully crystalline 
Cu40Co10Zr45Al5 and Cu30Co20Zr45Al5 alloys (ø = 3 mm). 
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Figure 6.3: True stress-
strain curves of the bottom 
part of Cu50-xCoxZr45Al5 (x = 
2, 5, 10 and 20) rods (ø = 3 
mm) under compressive 
load, strain rate: 1 × 10-4 s-
1. 
 
Table 6.3: Mechanical properties of Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) rod, ø = 3 mm.  
  Yield 
(MPa) 
Maximum 
stress(MPa) 
Fracture 
stress (MPa) 
Fracture 
Strain (%) 
Plastic 
Strain (%) 
E ± 2 
(GPa) 
2 1283 ± 15 1936 1932 5.9 3.8 85 
5 975 ± 4 1625 1609 4.2 2.3 87 
10 961 ± 2 1647 1646 4.6 2.9 98 
20 990 ± 1 1684 1684 4.2 2.6 104 
 
 
The dependence of microhardness on Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) compositions 
is depicted in Fig. 6.4. For each composition 25 points were measured. Table 6.4 shows 
the microhardness values of Cu50-xCoxZr45Al5 compositions. The diversity of existence 
phases ((Cu,Co)Zr  + AlCu2Zr + Cu10Zr7) and the considerable amount of amorphous 
phase in Cu48Co2Zr45Al5 alloy leads to a wide range of microhardness value in this 
composition and interestingly the minimum and maximum values of microhardness 
belongs to this composition. Comparing with ternary Cu-Co-Zr alloys, Al has a positive 
effect on microhardness of the alloys (Fig. 6.5). The mean value and the range of the 
measured microhardness for ternary and quaternary Cu-Zr alloys investigated in this 
work are represented in Fig. 6.5. It seems that the Al leads to solution hardening of the 
alloy and increase the hardness of the alloys. 
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Figure 6.4: Microhardness value of Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) as-cast rods. 
 
Table 6.4 Microhardness value of Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) as-cast rods. 
Composition Minimum Mean value Maximum 
Cu48Co2Zr45Al5 417 541 ± 60 631 
Cu45Co5Zr45Al5 482 503 ± 14 529 
Cu40Co10Zr45Al5 475 525 ± 19 563 
Cu30Co20Zr45Al5 512 550 ± 23 591 
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Figure 6.5: The mean value and the 
range of microhardness of Cu50-
xCoxZr50 and Cu50-xCoxZr45Al5 (x = 2, 5, 
10 and 20) compositions. 
 
Considering the stress-strain curves of ternary Cu-Co-Zr alloys (Fig. 5.3), the low cobalt 
content alloys with mainly martensitic (Cu,Co)Zr phase depict a considerable work 
hardening under compressive load, while high cobalt content alloys undergo 
deformation-induced martensitic transformation during loading and they also show 
pronounced work hardening. Except for Cu48Co2Zr45Al5 compression test sample that 
contains around 10 vol.% amorphous structure, other quaternary alloys show a lower 
fracture stress and fracture strain compared with ternary Cu-Co-Zr alloys studied in this 
work. In order to find out whether deformation-induced martensitic transformation has 
occurred in Cu50-xCoxZr45Al5 compositions or not, X-ray measurements were conducted 
after compression test. The results depict the Bragg diffraction peak corresponding to 
(Cu,Co)Zr phase with a martensitic structure. Fig. 6.6 represents the X-ray diffraction 
pattern and the micrograph of Cu30Co20Zr45Al5 compression test sample (ø = 1.5 mm, at 
the bottom part) after deformation. The B2 (Cu,Co)Zr grains obviously have transformed 
to martensite. The rate and kinetic of deformation-induced martensitic transformation 
in with Cu40Co10Zr50 and Cu40Co10Zr45Al5 compositions will be considered in chapter 7. 
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Figure 6.6: a) X-ray diffraction pattern of Cu30Co20Zr45Al5 alloy (ø = 1.5 mm, at the 
bottom part) before and after compression test, b) SEM micrograph of the alloy after the 
compression test. The inset represents a higher magnification of the microstructure, in 
which the transformed B2 grains show a martensitic structure. 
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7 Deformation-induced martensitic 
transformation in Cu-Zr alloys: In situ 
investigations  
 
The mechanical properties of Cu50-xCoxZr50 (0 ≤ x ≤ 20) and Cu50-xCoxZr45Al5 (x = 2, 5, 
10 and 20) alloys were investigated in chapter 5 and chapter 6, respectively. In the 
both chapters it was shown that some compositions undergo the deformation-
induced martensitic transformation during the compressive loading. In this chapter 
the deformation-induced martensitic transformation of Cu40Co10Zr50 and 
Cu40Co10Zr45Al5 alloys will be addressed using in situ high-energy X-rays and will be 
studied in details including X-ray characterization, phase transformation kinetics 
and microscopic stress-strain behavior. Two different modes of compression test 
were conducted: (i) track control and (ii) load control compression test.  
After applying the usual corrections, all the measured intensities were normalized 
to be able to compare the measured diffraction patterns with each other. Fig. 7.1 
depicts a typical setup for the experiments conducted in this work. 
 
 
 
 
Fig. 7.1: Schematic setup of an in situ 
compression test in a synchrotron 
beam line. The high-energy X-ray beam 
is shown by the blue line, which is 
diffracted under an angle of 2ɵ. ø 
describes the azimuthal angle [122].  
  
The elastic scattering intensity I(q) was measured as a function of the scattering factor q. 
The q value equals to 4𝜋𝑠𝑖𝑛𝜃/𝜆, where 𝜃 is half of the scattering angle (Fig. 7.1) and 𝜆 is 
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the wave length of radiation [212, 213]. In order to calculate the atomic strain tensor 
from the reciprocal space diffraction data, the approach developed by Poulsen et al. was 
used [214]. The two-dimensional diffraction patterns were sliced into 36 pieces and 
each slice was integrated separately by means of Fit2D [173]. After that the directional 
shift of the peak position, q, was calculated as a function of azimuthal angle, ø, and the 
applied stress, . The relative change in the position of the peaks upon applying an 
external stress defines the strain [214] 
𝜀(ø, 𝜎) =
𝑞(ø, 𝜎 = 0) − 𝑞(ø, 𝜎)
𝑞(ø, 𝜎)
, 
                                                                          (1) 
where q is a function of the azimuthal angle (ø) and the applied stress (). By fitting 
the angular variation of the strain to the following expression, one can obtain the 
strain tensor components [214]: 
𝜀 = 𝜀11𝑐𝑜𝑠
2(ø) + 𝛾12𝑠𝑖𝑛(ø) cos(ø) + 𝜀22𝑠𝑖𝑛
2(ø),                                                         (2) 
 
where 𝜀11 is the strain parallel to the loading axis, 𝛾12 is the in-plane shear component 
and 𝜀22 is the strain perpendicular to the loading axis.  
It should be noted that a crystallographic texture is generated during deformation of the 
samples under compression, which has been reported in [215-219]. For the 
quantification of the amount of phases, one has to completely consider the effect of 
texture. However, the aim here is to obtain a general idea about the progress of the 
deformation-induced martensitic transformation in terms of kinetics, as well as the 
evolution of the crystallographic strain under loading. For this purpose, the (110) 
reflection of B2 together with (110) and (101) reflections of martensite were selected. 
The ratio of the integrated intensity of the two martensite reflections ((110) and (101)) 
to the sum of the integrated intensities of martensite ((110) and (101)) and B2 (110) 
reflections were defined as an internal standard for the kinetics of martensitic 
transformation.  
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7.1. Track control compression test of Cu40Co10Zr50 alloy 
7.1.1. Macroscopic stress-strain behavior 
Fig. 7.2 represents the macroscopic stress-strain curves of the in situ compression test in 
the track control and load control modes. Table 7.1 represents the mechanical 
properties of the compression test samples. In the case of track control CT, the sample 
shows a deformation curve with two yield points. At stress of around 200 MPa, the 
deformation-induced martensitic transformation starts and reaches to its maximum and 
then decreases during loading (Fig. 7.6(a)). This matter will be discussed below. The 
first yield occurs at around 310 MPa and the results show the minimum slope of 
deformation curve at 450-530 MPa. At this stage of loading, the rate of transformation 
has its maximum value (Fig. 7.6(b)). Later on, the MT is continued up to stress reaches 
the value of around 1406 MPa, the second yield point and the last stage of deformation is 
somehow similar to the deformation mechanism of low cobalt content alloys [184]. At 
this stage the deformation proceeds mainly by twining and dislocation activity and the 
resultant work hardening. The track control CT was stopped before fracture due to the 
loading limit of the straining device (5 kN). Therefore the micrographs obtained from 
SEM represent a non-broken sample (Fig 7.3). The surface relief effect accompanying 
martensitic transformation is visible from the micrographs. As reported by Bain [220], a 
pre-polished surface of a sample becomes rumpled when austenite transforms to 
martensite. The surface of the sample contains macro cracks (Fig. 7.3 (a)) and at a higher 
magnification a fully martensitic microstructure is visible (Fig. 7.3 (b) and (c)). The 
martensite plates have an angle of ∼ 60 degree. The in situ X-ray results confirm that the 
martensitic transformation has occurred completely and the B2 diffraction peaks have 
almost vanished and martensite diffraction peaks have gained in intensity (Fig. 7.4).  
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Figure 7.2: Macroscopic 
stress-strain curve of 
Cu40Co10Zr50 alloy with 
different testing conditions. 
The blue arrows show the 
stress levels that the sample 
was under a fixed load for 
around 8 min, the 4th stage 
was around 15 min. 
 
  
 
 
 
 
 
Figure 7.3: SEM microstructure of the track 
control CT after loading, (a) overview of the 
sample, (b) the microstructure has a fully 
martensitic structure, (c) a higher 
magnification of the center part of (b), 
which represents a 60 degree angle between 
martensite laths. 
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Table 7.1: Mechanical properties of Cu40Co10Zr50 alloy. 
Sample 
1st Yield Stress 
(MPa) 
2nd Yield Stress 
(MPa) 
Fracture stress 
(MPa) 
Fracture Strain 
(%) 
Tack control 378 ± 2 1650 ± 5 * 2280 *14 
Load control 397 ± 3  1592 ± 5    1809    13 
 
*: This sample did not fracture and the reported data are the maximum stress and maximum strain that 
sample could resist before the measurement was stopped. This sample showed 9 % plastic strain. 
 
7.1.2. In situ X-ray characterization 
Fig. 7.4 represents simultaneously the results of 332 fully integrated synchrotron X-ray 
diffraction patterns of the track control sample under loading. The color spectrum from 
the light green to dark illustrates the changes in the X-ray pattern regarding the 
transformation from B2 to martensite phase. The X-ray pattern of the unloaded as-cast 
sample is shown by light green color, which consists of a mixture of B2 and martensitic 
(Cu,Co)Zr phases. These phases co-exist together in the as-cast sample, while the main 
phase is the B2 phase. As the Fig. 7.4 shows the deformation-induced martensitic 
transformation occurs during the compression test and the intensity of the B2 peaks 
decrease, whilst the martensite peaks gain in intensity, implying that the volume 
fraction of the martensitic phase also increases. At the same time the peak positions are 
changed and the peaks broaden, due to increasing of strain. For a better clarity, the 
diffraction patterns are shown in the q range of 23 nm-1 < q < 32 nm-1 (top-middle inset). 
The inset obviously shows disappearance of the main B2 peak (q = 27.42 nm-1) and 
growth of the martensite peaks. It seems that martensitic transformation is completely 
done. The top-left inset of Fig. 7.4 shows a quadrant scattering two-dimensional 
synchrotron X-ray spectra of the unloaded as-cast sample. As shown in the inset, the 
rings are not continuous ones and the discrete spots are distributed on the diffraction 
rings, due to large particle sizes; therefore there is a ‘spotty’ ring.  
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Figure 7.4: In situ X-ray patterns of the track control CT of Cu40Co10Zr50 alloy. The color 
spectrum represents simultaneously the results of 332 X-ray patterns recorded during 
loading procedure. The light green pattern represents the X-ray pattern of un-loaded as-
cast sample. The top-middle inset of the figure demonstrates the reflection patterns in the 
range of 23 nm-1 < q < 32 nm-1. The top-left inset shows a quadrant scattering two-
dimensional synchrotron X-ray diffractions from the unloaded as-cast sample. 
 
The position of the main B2 diffraction peak (110) of the track control CT, with the 
diffraction vector aligned along the longitudinal (ø = 0˚, compressive) and transverse (ø 
= 90˚, tension) directions, under applied stresses is shown in Fig. 7.5. With increasing 
the stress, the Bragg diffraction peaks corresponding to the B2 (Cu,Co)Zr phase in the 
longitudinal direction shift to higher q values because of compressive stress. In contrast, 
the peaks in direction of transverse shift to lower q values due to Poisson’s effect. 
Nevertheless the change of the q in the longitudinal direction is more dominant 
compared to the transverse direction. In the longitudinal direction, the data points show 
a change in the slope of the curve at around 300-400 MPa, which can be contributed to 
the first yield and it reaches to its maximum at around 500 MPa. At this stage the 
martensitic transformation has the highest transformation rate, which will be discussed 
in detail in section 7.1.3.  In the compressive direction, the position of (110) B2 peak 
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changes from 27.42 nm-1, in the as-cast state, to 27.85 nm-1 at stress level around 1750 
MPa. At the early stages of loading, there is a vivid change in position of the main B2 
peak in the transverse direction, corresponding to a structural modification. 
 
 
 
 
Figure 7.5: The main B2 
peak position of the track 
control CT of Cu40Co10Zr50 
alloy versus stress in the 
longitudinal           (ø = 0˚) 
and transverse (ø = 90˚) 
directions. 
 
 7.1.3. Phase transformation kinetics 
The X-ray diffraction patterns and the resultant changes as a function of the applied load 
also point out the changes in the volume fraction of the present phases. The relative 
changes in the fully integrated intensity of the selected B2 and martensite peaks, which 
indicate the changes in volume fraction of the corresponding phases under deformation, 
is described as phase transformation volume, 2/ BMM  , and shown in Fig. 7.6(a). The 
(110) B2 diffraction peak and the first-two high-intensity martensite peaks ((110) and 
(101)), in the as-cast situation, were chosen to explore the kinetics of deformation-
induced martensitic transformation.  As presented in Fig. 7.6(a), 2/ BMM   has a value 
of 0.38 in the as-cast situation, which starts increasing obviously at around 200 MPa and 
reaches to its maximum, 0.98, at stress level around 1985 MPa. Fig. 7.6(b) represents the 
rate of the martensitic transformation during the compression loading indicating that 
the transformation rate increases drastically up to the stress level of about 500 MPa, 
while martensite nucleates and grows, and after that drops considerably. Although the 
slope of the curve decreases at around 1200 MPa, the deformation rate drops until the 
transformation has completely occurred. As discussed in 7.1.1 the last stage of 
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deformation is not affected with MT, as the transformation has finished and the 
microstructure is a martensitic structure. Therefore the last stage of deformation 
happens like low-cobalt content alloys [184].  
  
 
 
Figure 7.6: a) Phase transformation 
volume, M / M + B2, extracted from the fully 
integrated X-ray patterns of the track 
control CT of Cu40Co10Zr50 alloy versus 
stress, b) the rate of martensitic 
transformation versus stress, the inset 
represents the transformation rate vs. time 
(sec.), c) the phase transformation volume 
and B2 / M + B2 in the transverse (ø = 90˚) 
direction. 
 
The relative changes in the diffraction peak integral intensity of B2 and martensitic 
phases ( 2/ BMM  ) can be considered for different azimuthal angles. Fig. 7.6(c) 
represents the phase transformation volumes for ø = 90˚ (transverse direction). The 
2/ BMM   changes noticeably at stress values around 200 MPa and increases up to 
value of 0.87 at stress of ~ 1600 MPa and then with a rapid change, this ratio shows a 
value of 1. The trend of 2/2 BMB   ratio shows a clear change at stress value around 
200 MPa, too. After that 2/2 BMB   decreases by increasing stress and at around 1600 
MPa, this ratio drops to 0. As Fig. 7.6(a) depicts the 2/ BMM   value for the fully 
integrated X-ray patterns does not reach to 1.  A possible explanation can be that it takes 
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into consideration all the azimuthal angles, and the fact that in some azimuthal angles 
the transformation may not be completed due to the local strain situation. 
 
7.1.4. Microscopic stress-strain behavior 
Fig. 7.7 depicts the applied stress plotted as a function of lattice strain for the main B2 
peak reflection (110), calculated from equation (2). At the early stages of loading, the 
stress-strain curves deviate from the linear behavior and the slope of the curves change 
under loading. The first derivation (not shown here) of 𝜀11 curve (compression 
direction) illustrates that at stress values of  100 MPa, the linear behavior of the curve 
switches to a non-linear one and the slope of the curve is not constant under loading. 
The strain in the transverse direction shows a non-linear behavior from early stages of 
loading, too. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7: Stress-strain curves 
for different strain tensor 
components of the (110) 
reflection of B2 phase. 
 
7.2. Load control compression test of Cu40Co10Zr50 alloy 
In order to better understanding the nature of the MT, a compression test was 
performed in the load control mode. For that, the sample was deformed to a certain level 
of load followed by around 8 min delay staying on that certain load, meanwhile the X-ray 
diffraction patterns were also collected during this time. The experiment was performed 
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in 7 steps of deformation with 6 intervals. The aim was to investigate whether the 
martensitic transformation has any progress within the 8 min delay or not. It is worth to 
mention that the third interval lasted around 15 min. 
 
 
 
 
 
 
 
 
 
Figure 7.8: The load-time 
curve of Cu40Co10Zr50 alloy, 
which represents the different 
steps of the compression test. 
 
7.2.1 Macroscopic stress-strain behavior 
The stress-strain curve of the load control compression test is shown in Fig. 7.2. The 
blue arrows represent the influence of 6 intervals on the stress-strain curve.  As Fig. 7.2 
and Table 7.1 illustrate, the load control CT sample fractures at 1809 MPa with 13% 
fracture strain. In comparison with the track control CT sample, this sample has 
fractured at a lower stress level, which can be contributed to the stops at constant loads 
for around 8 min. This sample also shows tow yield points at around 397± 3 and 1592 ± 5 
MPa.   
7.2.2. In situ X-ray characterization 
Fig. 7.9 represents simultaneously the results of 670 fully integrated synchrotron X-ray 
diffraction patterns of the load control sample under compression test. The color 
spectrum from red to purple illustrates the changes in the X-ray pattern of the sample 
under compressive load. The X-ray pattern of the unloaded as-cast sample is shown in 
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red color, which consists of a mixture of B2 and martensitic (Cu,Co)Zr phases. Like the 
sample in track control mode, these phases co-exist together in the as-cast condition, 
while the main phase is the B2 phase. Fig. 7.9 depicts obviously the deformation-induced 
martensitic transformation under loading and the intensity of the B2 peaks decrease, 
whilst the martensite peaks gain in intensity, implying that the volume fraction of the 
martensitic phase also increases. At the same time the peak positions are changed and 
the peaks broaden, due to increasing of strain. For a better clarity, the spectrum of the 
diffraction patterns are shown in the q range of 23 nm-1 < q < 32 nm-1 (top-middle 
inset). The inset obviously shows that the intensity of main B2 peak (q = 27.40 nm-1) 
decreases, while the martensite peaks gain in intensity.  The top-left inset of Fig. 7.9 
shows a quadrant scattering two-dimensional synchrotron X-ray spectra of the unloaded 
as-cast sample.  
 
Figure 7.9: In situ X-ray patterns of the load control CT of Cu40Co10Zr50 alloy. The color 
spectrum represents simultaneously the results of 670 X-ray patterns recorded during 
loading procedure. The red pattern represents the X-ray pattern of un-loaded as-cast 
sample. The top-middle inset of the figure demonstrates the reflection patterns in the 
range of 23 nm-1 < q < 32 nm-1. The B2 reflection drops in intensity during loading, whilst 
martensite peaks gain in intensity. The top-left inset shows a quadrant scattering two-
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dimensional synchrotron X-ray diffractions from the unloaded as-cast sample.  
The position of the main B2 diffraction peak (110) of the load control CT, with the 
diffraction vector aligned along the longitudinal (ø = 0˚, compressive) and transverse (ø 
= 90˚, tension) directions, under applied stresses is shown in Fig. 7.10. Like the track 
control CT sample, with increasing the stress, the Bragg diffraction peaks corresponding 
to the B2 (Cu,Co)Zr phase in the longitudinal direction shift to higher q values because of 
compressive stress. In contrast, the peaks in direction of transverse shift to lower q 
values due to Poisson’s effect. Nevertheless the change of the q in the longitudinal 
direction is more dominant compared to the transverse direction. In the longitudinal 
direction, the data points show a change in the slope of the curve below 200 MPa, and it 
reaches to his maximum at the range of 400-500 MPa. In this direction, the position of 
(110) B2 peak changes from 27.41 nm-1 at stress value of 30 MPa, to 27.75 nm-1 at stress 
value of 1438 MPa. The position of this peak decreases almost smoothly in the 
transverse direction up to stress level around 1200 MPa and after that it drops visibly. 
The effect of intervals during loading is clearly visible on the longitudinal direction.  
 
 
 
 
 
Figure 7.10: Main B2 
peak position of the 
load control CT of 
Cu40Co10Zr50 alloy 
versus stress in the 
longitudinal (ø = 0˚) 
and transverse (ø = 
90˚) directions. 
 
7.2.3. Phase transformation kinetics 
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The phase transformation volume, 2/ BMM  , and the ratio of 2/2 BMB   of the fully 
integrated X-ray diffraction patterns of the load control CT sample are shown in Fig. 
7.11(a). Like the previous sample, the (110) B2 diffraction peak and the first-two high-
intensity martensite peaks ((110) and (101)), were chosen to explore the kinetics of 
deformation-induced martensitic transformation.  As presented in Fig. 7.11(a), at stress 
point of 49 MPa, 2/ BMM   and 2/2 BMB  have values of 0.30 and 0.70, respectively. 
Meanwhile by increasing the stress to 1580 MPa, these ratios change to 0.96 and 0.04, 
respectively. If we compare Fig. 7.6(c) with Fig. 7.11(a), there is a similar behavior of 
2/ BMM   and 2/2 BMB  ratios in track control and load control compression tests; by 
increasing the stress value, 2/ BMM   ratio increases, while 2/2 BMB   ratio decreases. 
Nevertheless by increasing the stress in the track control compression test sample, the 
phase transformation volumes reach a maximum ( 2/ BMM   = 1) and minimum                       
( 2/2 BMB   = 0) values and remain fixed under loading. It means that the deformation-
induced martensitic transformation could occur 100 % before fracture. 
The changes in 2/ BMM   and 2/2 BMB  ratios can be studied in the longitudinal (ø = 
0˚) and transverse (ø = 90˚) directions, and the other azimuthal angles, too. Nevertheless 
the main idea of this part is to investigate the effect of intervals on the progress of phase 
transformation volume.  
Fig. 7.11(b) depicts the quota of different steps and intervals in the progress of phase 
transformation volume in the load control CT. One can calculate the proportion of each 
step (or interval) by calculating the difference in the value of 2/ BMM   between the 
start and the end point of each step (or interval) and dividing the result to the difference 
in the value of 2/ BMM   between the start and the end point of the deformation. As an 
example, the proportion of level A-B (see Fig.7.8) is calculated as following: 
qoutaA−B =
( 2/ BMM  )B − ( 2/ BMM  )A
( 2/ BMM  )End − ( 2/ BMM  )Start
∗ 100                           (3) 
qoutaA−B =
0.44225 − 0.40754
0.95892 − 0.29833
∗ 100 = 5.25 ~ 5.3 % 
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As shown in Fig. 7.11(b) at the first step of deformation, the phase transformation 
volume increases 16.5%, while within the first interval, the phase transformation 
volume increases by 5.3%. The amount of this value for the intervals shows a decreasing 
trend by load. However totally around 22.6% of the phase transformation volume 
belongs to the intervals, which is a considerable amount. This clearly shows that under 
the fixed load, the martensitic transformation resulting from deformation occurs 
continually. 
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Figure 7.11: a) Phase transformation volume, M / M + B2, and the 2/2 BMB   ratio, 
resultant from the fully integrated X-ray patterns of the load-controlled CT of Cu40Co10Zr50 
alloy versus stress, (b) the quota of different steps and intervals in the progress of phase 
transformation volume. 
7.3. Track control compression test of Cu 40Co10Zr45Al5 
7.3.1. Macroscopic stress-strain behavior 
Fig. 7.12 depicts the macroscopic stress-strain curve of Cu40Co10Zr45Al5 in the track 
control mode. At around 500 MPa the stress-strain curve deviates from the linear 
behavior, which can be attributed to the start of deformation-induced martensitic 
transformation. This matter will be discussed in section 7.3.3. Nevertheless, the yield 
strength cannot b reported exactly, due to the shape of curve. The sample fractures at 
1855 MPa with 8% fracture strain. Unlike the Cu40Co10Zr50 compression test samples, 
this alloy does not show the second yield, too. 
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Figure 7.12: Macroscopic 
stress-strain curve of 
Cu40Co10Zr45Al5 alloy under 
track control compression test.  
 
7.3.2. In situ X-ray characterization 
Fig. 7.13 represents simultaneously the results of 72 fully integrated synchrotron X-ray 
diffraction patterns of the track control sample under compression test. The color 
spectrum from the yellow to black illustrates the changes in the X-ray pattern of the 
sample under compressive load. The X-ray pattern of the unloaded as-cast sample is 
shown by yellow color, which consists of B2 (Cu,Co)Zr and A2 AlCu2Zr phases. As the Fig. 
7.13 depicts there are no traces of martensite in the as-cast state. While the intensities of 
B2 peaks drop and the peaks related to martensite phase appear and gain in intensity 
under loading. Fig. 7.13 shows the deformation-induced martensitic transformation 
under loading. Also for this sample, the peak positions are changed and the peaks 
broaden, due to increasing of strain. For a better clarity, the diffraction patterns are 
shown in the q range of 23 nm-1 < q < 32 nm-1 (top-middle inset). The inset obviously 
shows that the intensity of main B2 peak (q = 27.40 nm-1) decreases, while the 
martensite peaks generate and gain in intensity.  The top-left inset of Fig. 7.13 illustrates 
a quadrant scattering two-dimensional synchrotron X-ray spectra of the unloaded as-
cast sample. If we compare this spectra with the ones related to Cu40Co10Zr50 alloy, we 
see that the spectra of the as-cast Cu40Co10Zr45Al5 alloy has more continuous rings 
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compared to Cu40Co10Zr50, yet there are spotty rings, too, due to the crystalline structure 
of the as-cast alloy.   
The position of the main B2 reflection, (110), of the track control CT, with the diffraction 
vector aligned along the longitudinal (ø = 0˚, compressive) and transverse (ø = 90˚, 
tension) directions, under applied stresses is shown in Fig. 7.14. As the Fig. 7.14 shows 
with increasing the stress, the Bragg reflections corresponding to the B2 (Cu,Co)Zr 
phase in the longitudinal direction shift to higher q values because of compressive 
stress. In contrast, the peaks in direction of transverse shift to lower q values due to 
Poisson’s effect. In the compressive direction, there is a change in the slope of the curve 
around 450 MPa, which can be related to the nucleation and growth of martensite phase. 
In the compressive and tension directions, the position of (110) B2 peak changes from 
27.42 nm-1 at stress value of 23 MPa, to 27.76 nm-1 and 27.14 nm-1 at stress value of 
1722 MPa, respectively. In the transverse direction the position of (110) B2 reflection 
decreases smoothly by load until 1200-2100 N and then the reduction rate becomes 
more rapidly. 
 
 
 
 
Figure 7.13: In situ X-ray patterns of the track control CT of Cu40Co10Zr45Al5 alloy. The 
color spectrum represents simultaneously the results of 72 X-ray patterns recorded during 
7 Deformation-induced martensitic transformation in Cu-Zr alloys: In situ investigations      
 
131 
 
loading procedure. The yellow pattern represents the X-ray pattern of un-loaded as-cast 
sample. The top-middle inset of the figure demonstrates the reflection patterns in the 
range of 23 nm-1 < q < 32 nm-1. The top-left inset shows a quadrant scattering two-
dimensional synchrotron X-ray diffractions from the unloaded as-cast sample. 
 
 
 
 
 
Figure 7.14: The main B2 
peak position of the track 
control CT of Cu40Co10Zr45Al5 
alloy versus stress in the 
longitudinal (ø = 0˚) and 
transverse (ø = 90˚) 
directions. 
 
7.3.3. Phase transformation kinetics 
The phase transformation volume, 2/ BMM  , of the fully integrated X-ray diffraction 
patterns of the track control CT sample is shown in Fig. 7.15. Similar to Cu40Co10Zr50 
samples, the (110) B2 diffraction peak and the first-two high-intensity martensite peaks 
((110) and (101)), in the as-cast situation of Cu40Co10Zr45Al5 alloy, were chosen to 
explore the kinetics of deformation-induced martensitic transformation.  Fig. 7.15 shows 
that the amount of 2/ BMM  at the start point of deformation is 0, which is related to 
the absence of martensite reflections in the as-cast situation (Fig. 7.13). By increasing 
the stress (load), phase transformation volume is constant and equal to 0 up to  = 544 
MPa (1000 N). At this stress (load) level, the deformation- induced martensitic 
transformation generates and transformation goes on until the samples fractures. The 
phase transformation volume reaches the maximum value of 0.17 at  = 1721 MPa. The 
inset in Fig. 7.15 depicts the rate of phase transformation volume, which is 0 up to 
around 500 MPa and after that increases by stress.    
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Figure 7.15: Phase 
transformation volume, 
M / M + B2, resultant 
from the fully integrated 
X-ray patterns of the 
track control CT of 
Cu40Co10Zr45Al5 alloy 
versus stress, the inset 
represents the rate of 
transformation volume 
vs. stress. 
 
7.3.4. Microscopic stress-strain behavior 
 
The angular variation of the strain at a given stress, calculated from the relative change 
in the position of the (110) B2 reflection using Eq. 1, is depicted in Fig. 7.16(a). By 
applying Eq. 2 to the experimental data, the two components of strain tensor, 11 and 22 
(longitudinal and transverse direction, respectively) are calculated. Fig. 7.16(b) shows 
the stress-strain curves of the calculated strain tensor components.  
From Fig. 7.16(b) it seems that at around 500 MPa, the stress-strain curve deviates from 
the linear behavior in the compression direction and the slope of the curve changes 
under loading. Therefore in order to calculate the Young’s modulus, the results below 
500 MPa are used as elastic regime. By linear fit to the data in elastic regime, the elastic 
modulus determined in compression and tensile mode are E11 = -96±2 GPa and E22 = 
27±2 GPa, respectively and the experimentally determined Poisson’s ratio n (=  ̶E11/ E22) 
is 0.277±0.02. The sample fractured at 1855 MPa with a maximum compression strain 
(11) of -1.4%.      
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Figure 7.16: a) Angular dependence of the strain determined at various stages of track 
control track control CT of Cu40Co10Zr45Al5 alloy, b) stress-strain curves for different strain 
tensor components of the (110) reflection of B2 phase. 
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Conclusion  
A series of CuZr-based alloys was selected to develop stable B2 (Cu,Co)Zr phase at room 
temperature and to produce bulk metallic glass composites containing B2 phase. The 
thermal stability, structural evolution and mechanical properties of Cu50-xCoxZr50 (0  x  
20) and Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys were studied in this PhD thesis. Two 
approaches have been used to investigate the phase formation: (a) solidification from 
the melt and (b) crystallization of the glassy state. Melt-spun ribbons were used to study 
the crystallization behavior of the amorphous phase, and in order to distinguish the 
stable and metastable phases, which solidify from the melt, suction-cast rods were also 
produced. The results depict that the adjustment of the compositions allows tailoring 
the phase evolution and the resulting microstructure. This in turn has a strong impact on 
the deformation mechanism and thus, the mechanical properties can also be customized. 
In the Cu50-xCoxZr50 (0  x  20) ribbons, Co additions change the crystallization products 
from Cu10Zr7 + CuZr2 for x  4 to B2 (Cu,Co)Zr for x ≥ 5 during annealing. Co decreases 
the glass-forming ability of the alloys, and in compositions with a high Co-content, the B2 
(Cu,Co)Zr phase directly crystallizes from the melt. At cooling rates lower than the 
critical cooling rate, the metastable martensitic (Cu,Co)Zr, as the main phase, and 
equlibrium phases (Cu10Zr7 + CuZr2 ) exist in compositions with x  4, while in 
compositions with x ≥ 10, B2 (Cu,Co)Zr is the stable phase at room temperature. In the 
range of 5 ≤ x < 10, the metastable (martensitic) and stable (B2) (Cu,Co)Zr phases 
coexist in the as-cast samples. Co also affects the martensitic transformation 
temperatures and drops the martensite start temperature (Ms), so that for x = 8.2 ± 0.1, 
Ms is at room temperature. In comparison with Co, improves the GFA of Cu50-xCoxZr45Al5 
(x = 2, 5, 10 and 20 at.%) alloys. The experiments revealed that for the melt-spun 
ribbons, the crystallization products change from AlCu2Zr and Cu10Zr7 + CuZr2 phases to 
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(Cu,Co)Zr + AlCu2Zr when x ≤ 5 and x ≥ 10, respectively. On the other hand depending on 
the cooling rate, a fully amorphous or bulk metallic glass composite (BMGC) or fully 
crystalline structure can be achieved.   
The compression tests revealed that the mechanical properties of Cu50-xCoxZr50 (0  x  
20) and Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys were strongly dependent on the 
composition and consequently on the microstructure. In the ternary alloys, 
compositions with a martensitic structure show a work hardening behavior, whilst for 
the high Co-content alloys with a B2 structure, beside a considerable work hardening, 
two yield stresses were observed and the samples undergone the deformation-induced 
martensitic transformation. In the quaternary alloy, the heterogeneous microstructure 
and the volume fraction of the amorphous and crystalline phases influence the 
deformation behavior of the alloys.  For instance, Cu45Co5Zr45Al5 as-cast rod (ø = 3 mm) 
with a heterogeneous microstructure along the rod, showed a different yielding 
behavior and plasticity for different compression test samples prepared from the 
bottom to the top part of the rod. Similarly the effect of cooling rate on the 
microstructure and consequently on the mechanical properties of Cu48Co2Zr45Al5 as-cast 
rod (ø = 1.5, 3 and 4mm) revealed that increasing the amorphous fraction results in 
higher values of the strength and lower values of the plastisity. By increasing the glass-
forming ability of the Cu-Co-Zr-Al alloys, the yield stress of the quaternary alloys, 
compared with the first yield stress of Cu-Co-Zr alloys has increased and the plastic 
strain of quaternary alloy has dropped compared with the one of ternary alloys.  
The deformation-induced martensitic transformation of Cu40Co10Zr50 and 
Cu40Co10Zr45Al5 compositions under mechanical load were investigated using a high-
energy X-ray diffraction technique. The in situ compression tests were performed in 
both track control and load control modes. The X-ray diffraction results show that the 
position of the diffraction peaks shifted to higher q values (reciprocal space) and peaks 
broaden due to increasing of strain. Considering the relative changes in the fully 
integrated intensity of the selected B2 and martensite peaks, the kinetics of phase 
transformation, as well as the macroscopic and microscopic stress-strain behavior was 
studied. 
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Outlook  
Considering all the results obtained in this PhD work, which represent certain 
understanding on the phase formation, microstructure and mechanical properties of 
Cu50-xCoxZr50 (0  x  20) and Cu50-xCoxZr45Al5 (x = 2, 5, 10 and 20) alloys, still a lot of 
questions should be considered: 
 In order to obtain fully amorphous structure or to cast bulk metallic glass 
composites with a desired distribution of B2 phase in the glassy matrix, the 
casting process should be further refined. 
 Some selected elements could be added or replaced to the ternary and 
quaternary CuZr alloys in order to improve the glass-forming ability of the alloys. 
It is believed that by tailoring the composition and casting condition, the 
approach to increase the plastic deformability of these groups of bulk metallic 
glass composites is feasibly attainable.    
  The tensile experiments for the ternary and quaternary CuZr alloys should be 
performed. In the case of bulk metallic glass composites, the correlation between 
the tensile experiments and the volume fraction of the B2 phase should be 
considered, too.  
 Take into the effect of texture on the in situ mechanical tests and consider the 
changes in the positions of B2 peaks (not studied in this work) and study the 
resultant kinetics of martensitic transformation. 
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